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Supercritical Carbon Dioxide (sCO2) is a prime candidate for use in a power cycle due to
its high fluid density and low critical point. These properties allow for a vast reduction
in turbine size, however, this reduced size poses a challenge to effective cooling. The flow
regime present, known as Taylor-Couette-Poiseuille (T-C-P) flow ,is not well understood
at the flow regimes seen within the cooling length.
It is the aim of the present work to determine the applicability of current T-C-P flow
heat transfer correlations to the modelling of the heat transfer in the cooling region of a
sCO2 turbine. The work seeks to present a methodology for determining a correlation’s
applicability to a specified turbine, and prove the efficacy of this methodology.
To demonstrate this, an in-house turbine design, the Australian Solar Thermal Re-
search Initiative’s 300 kW sCO2 Turbine concept, developed by the Queensland Geother-
mal Energy Centre of Excellence (QGECE), was used to source cooling system design
parameters. A review of current literature pertaining to T-C-P flow heat transfer was
performed to identify historical trends and source heat transfer correlations. The appli-
cability of these correlations to the ASTRI Turbine Cooling Region was determined using
the ‘Taylor-Reynolds’ Space, before they were inputted into the 1D, Axis-Symmetric Heat
Transfer Solver to produce values describing the cooling zone.
The results show that there are no correlations in current literature at the same
Taylor-Reynolds (Ta-Re) range of the ASTRI Turbine. However, the correlation produced
by Jakoby et al. (1999) provides a reasonable model of the heat transfer distribution, due
to its similar Ta-Re range. The correlation predicted by Childs & Turner (1994) displayed
an erratic distribution at the maximum operating conditions of the turbine, due to a
significant difference in Reynolds number. Investigation into the effect of annular gap
height on the convective heat transfer was inconclusive as the trends predicted by each
correlation contradicted each other.
These findings highlight the inability of current T-C-P flow heat transfer correla-
tion to accurately model the heat transfer in the cooling zone of an sCO2 turbine. As
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Since its invention in 1884, the steam turbine has been a mainstay of power generation
throughout the world. While steam cycles have seen many improvements to their efficiency
over the years, a point of diminishing returns is now reached, where further improvements
to efficiency are not worth the associated cost (Persichilli et al., 2012).
Supercritical Carbon Dioxide (sCO2) has been identified as an excellent working
fluid due to the low value of its critical point, high fluid density and good heat transfer
properties (Swann et al., 2017).
The high fluid density of carbon dioxide (CO2) means that sCO2 Turbines are com-
pact and require fewer stages for efficient expansion when compared to equivalent steam
and helium turbines (Fig. 1.1) (Dostal et al., 2004).
Furthermore, sCO2 exists as a single-phase fluid across the cycle, as such, no latent
heat input is required for a phase change, resulting in a smaller heat exchanger compared
to existing power cycles. Finally, the low value of the critical point means that sCO2 cycles
can achieve higher efficiencies at lower temperatures compared to equivalent helium cycles.
These factors combine to produce a highly efficient power cycle operating at achievable
temperatures (Fig. 1.2) (Wright et al., cited in Allison & Moore, 2019).
The reduced component size offers many benefits, including a reduction in the ma-
terials required, decreased cost and simpler power cycles. However, this reduction in size
comes at a cost, as the cooling zone in a sCO2 turbine is also significantly smaller, and
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Figure 1.1: Diagram showing reduced size of sCO2 turbine compared to equivalent steam
and helium turbines (Dostal et al., 2004).
Figure 1.2: Plot of cycle efficiencies showing increased efficiency of sCO2 compared to
equivalent Steam and Helium Turbines.
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requires high rates of convective heat transfer for effective thermal management (Swann
et al., 2017). Furthermore, critical components, such as the bearings and seals must be
moved closer to the impeller to avoid unwanted vibration in the shaft, further decreasing
the length of the cooling zone (Swann et al., 2017).
Additionally, for the conditions present in the cooling region, the flow regime is not
well understood. Taylor-Couette-Poiseuille (T-C-P) Flow denotes the axial and rotational
flow between two concentric cylinders. This flow pattern is 3D and unsteady, presenting
numerous challenges to accurate modelling due to the complexity of its heat transfer
mechanisms.
This thesis seeks to present a methodology for determining the applicability of lit-
erature sourced correlations describing T-C-P flow heat transfer to the thermal modelling
of a sCO2 Turbine Cooling Region.
1.2 Aims
The current work seeks to act as a culmination of prior research by several authors, so
that it can be synthesised and applied to the new problem of effectively cooling an sCO2
turbine. To this end, this thesis will introduce a set of tools that can be used to test the
applicability of any Taylor-Couette-Poiseuille (T-C-P) Flow heat transfer correlation to
a specified radial inflow turbine design, but will focus on a single turbine and a limited
subset of heat transfer correlations to prove the efficacy of the method. The aims of the
project are defined as follows.
1.2.1 Primary Aim
The primary aim of this thesis is to present a methodology for determining the appli-





• Contextualise the current work by providing an overview of current literature relat-
ing to Supercritical CO2, the history of sCO2 power cycles, sCO2 turbines, cooling
systems and Taylor-Couette-Poiseuille flow.
• Identify historical trends and different experimental techniques used by authors
through an in-depth review of prior T-C-P flow heat transfer literature.
• Introduce and direct the reader to a set of tools and analysis techniques that can
be applied to the design of a sCO2 turbine. In particular, the Turbine Design User
Manual developed by Luuk Meijboom and the 1D, Axis-Symmetric Heat Transfer
Solver developed by Phillip Swann.
• Introduce the reader to a tool that can be used to determine the applicability of
a given T-C-P flow heat transfer correlation to a specified turbine: the Taylor-
Reynolds Space.
• Demonstrate the efficacy of these tools by employing them to test the applicability
of a subset of literature derived heat transfer correlations to the modelling of the
heat transfer in the Australian Solar Thermal Research Initiative (ASTRI) 300kW
sCO2 Turbine Unit, developed by the Queensland Geothermal Energy Centre of
Excellence (QGECE).
• Provide conclusions on the applicability of the chosen heat transfer correlations in
modelling the heat transfer in the ASTRI Turbine Unit, primarily relating to the
applicability of the axial Reynolds and Taylor number ranges.
• Determine the effect of variation in the annular gap height on the heat transfer
coefficient along the cooling length.
• Highlight the limitations of the methodologies used and the research conducted
so that future research may be performed to refine the process, and produce an




Due to the breadth of potential research that could be conducted on T-C-P flow heat
transfer, this thesis will limit its analysis to several key aspects, as detailed in the following
section.
1.3.1 In-Scope Elements
Elements discussed and analysed over the course of this thesis are detailed here;
• Literature relating to smooth-annular gap T-C-P flow through analysis of the exper-
imental work of Tachibana & Fukui (1964), Kuzay & Scott (1975), Childs & Turner
(1994), Jakoby et al. (1999) and Andersen et al. (2015).
• The ASTRI 300 kW sCO2 Turbine’s Cooling Zone Parameters and resulting Taylor-
Reynolds Range.
• The solution process of the 1D, Axis-Symmetric Heat Transfer Solver.
• The qualitative and magnitudinal variation of the convective heat transfer coeffi-
cient over the cooling length of the ASTRI sCO2 Turbine, for varying operating
conditions.
• The qualitative and magnitudinal variation of the convective heat transfer coefficient
between operating conditions of the ASTRI sCO2 Turbine.
• The variation in the convective heat transfer coefficient for different values of annular
gap height (0.001-0.005m) at maximum conditions.
1.3.2 Out-of-Scope Elements
Elements beyond the scope of the current work are detailed here;
• Studies beyond the five indicated will not be analysed. Furthermore, studies were
limited to those available through the UQ Library Website.
• Rough-walled and/or rib-walled annular gap T-C-P Flows will not be discussed.
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• The ASTRI 300 kW sCO2 Turbine will be introduced as a case study. The focus
will be on its cooling system parameters. Further analysis relating to its conceptual
design and modelling will not be addressed herein.
• Additional tools (other than the 1D, Axis-Symmetric Heat Transfer Solver) devel-
oped for the modeling of the convective heat transfer in fluids will not be utilised
or discussed.
• Parameters describing the thermal behavior in the cooling region, other than the
convective heat transfer coefficient will not be discussed.
• Gap heights less than 0.001m and greater than 0.005m will not be analysed.




Chapter 1 has introduced the topic of the current work, outlined its aims and defined
the scope, the following chapters will proceed as follows.
Chapter 2 provides an overview of current literature pertaining to Supercritical
Carbon Dioxide (sCO2), and its use in power cycles, turbines and cooling systems. This
chapter also introduces the conceptual framework for the analysis of Taylor-Couette-
Poiseuille Flow.
Chapter 3 lays out the important operating parameters of the ASTRI sCO2 Tur-
bine Unit, as a test case for the sourced Nusselt number correlations and the 1D, Axis-
Symmetric Heat Transfer Solver.
Chapter 4 introduces the five Nusselt number correlations sourced from literature
that attempt to quantify the heat transfer characteristics of Taylor-Couette-Poiseuille
Flow. Each study is addressed by providing a description of the experimental apparatus
utilised and a discussion of the results presented. The correlation for the Nusselt number
also is presented.
Chapter 5 outlines the modelling and solution processes employed by the 1D, Axis-
Symmetric Heat Transfer Solver developed by Phillip Swann (PhD Candidate at UQ’s
School of Mechanical & Mining Engineering).
Chapter 6 presents, analyses and discusses the heat transfer plots developed from
the output of the 1D, Axis-Symmetric Heat Transfer Solver. The influence of temperature
and pressure on the heat transfer distribution are developed by utilising data at two
different operating conditions.
Chapter 7 analyses and discusses the effect of annular gap height on the heat
transfer distribution through the presentation of heat transfer data for five annular gap
heights, 0.001-0.005m.
Chapter 8 provides a summary of the thesis, reiterates it major conclusions, and





The aim of this chapter is to provide a systematic overview of prior literature pertaining
to Supercritical Carbon Dioxide (sCO2), its use in power cycles, turbines and cooling
systems, as well as the nature of Taylor-Couette-Poiseuille (T-C-P) flow so that the con-
tribution provided by the current work may be contextualised.
2.2 Supercritical Carbon Dioxide
When a fluid is held at a temperature (Tc) and pressure (Pc) above the critical point, it
is in the supercritical phase. While in this phase, the clearly defined physical properties
that separate liquids from gases are no longer present. As such, supercritical fluids have
densities similar to that of a liquid, but viscosities more akin to that of a gas (Hitchin &
Dean, 1993).
The properties of a fluid, such as the density (ρ) and the specific heat capacity (Cp),
vary considerably near the critical point. Dostal et al. (2004) highlights the work of E.G.
Feher, and his investigation into the use of supercritical fluids in power cycles. A plot
detailing the critical conditions for several fluids investigated by Feher is shown in Figure
2.1 (Dostal et al., 2004).
The thermal efficiency of a power cycle is defined as the amount of work generated
for the amount of heat inputted.
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Figure 2.1: Plot detailing the critical temperatures and pressures of fluids investigated by




From this definition, it can be seen that the lower the temperature at which the cycle
rejects heat, the higher the thermal efficiency, as the maximum temperature difference
will be available between the source and the sink (Dostal et al., 2004). For this reason, a
fluid with a low critical point is preferable due to the increase in cycle efficiency. For CO2,
the values of the critical temperature (3100C, 3040K) and critical pressure (7.4 MPa) are
low and can be achieved easily in a power cycle. It is for these reasons that supercritical
carbon dioxide is attractive as a working fluid.
From Figure 2.1, Xenon (Xe), Sulfur Hexafluoride (SF6) and Perfluoropropane
(C3F8) also have low critical points, and it is reasonable to inquire as to why these are
also not suitable working fluids. Hydrocarbons, such as C3F8 are flammable and are often
damaging to the ozone. Meanwhile, SF6, is non-toxic and non-flammable, but is the most
potent greenhouse gas identified by the Intergovernmental Panel on Climate Change, and
as such, its use is heavily regulated (Olivier et al., n.d.). Finally, while Xenon is inert
and non-toxic, its rarity prevents its wide-scale employment. In contrast, carbon dioxide
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(CO2) is a non- flammable, non-toxic, non-corrosive, widely available and cost effective
working fluid.
To summarise, the low critical point of sCO2, the variability of its properties near
the critical point, and its relative inertness in operation when compared to other working
fluids make it a prime candidate for use in a supercritical power cycle.
2.3 Density and Specific Heat Capacity
For the purposes of the current work, the density (ρ) and specific heat capacity at constant
pressure (Cp) are highlighted as the two variables with the greatest effect on carbon
dioxide’s thermal behaviour in a sCO2 turbine.
The specific heat capacity is defined as the energy required to raise the temperature
of a unit mass of a substance by one degree (Cengel & Boles, 2015). In engineering














For an open system, the flow work must also be considered, so enthalpy, the internal
energy plus flow work is utilized (h = u + p∆V), and the specific heat capacity is provided
at constant pressure rather than constant volume. For the purposes of this investigation,
specific heat at constant pressure will be used as a turbine is an open system and as
such, the volume is not constant. Moving forward, the specific heat capacity at constant
pressure will be referred to as the specific heat capacity.
Density is defined as the mass per unit volume (Cengel & Boles, 2015). It is a
necessary parameter to consider given its effects on both the flow regime and thermal
behaviour. Given the variability in density near the critical point, small changes in tem-
perature and pressure can result in large changes in density, which result in subsequent
changes in the thermal behaviour of the flow.
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To reiterate, the variability of properties affecting the thermal behaviour near the
critical point makes supercritical fluids attractive options for use in power cycles. The low
critical point of CO2 makes it a prime candidate when compared to other supercritical
working fluids. Finally, the specific heat capacity and density are identified as the variables
with the greatest effect on the thermal behaviour of CO2. Plots demonstrating property
behaviour near the critical point are shown below (Figs. 2.2 & 2.3).
Figure 2.2: Constant pressure density (ρ) curves for CO2
Figure 2.3: Constant pressure specific heat capacity (Cp) curves for CO2
11
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2.4 Supercritical CO2 Power Cycles
2.4.1 Overview
The work of Dostal et al. (2004) identifies CO2 as a prime candidate for use in a super-
critical Brayton cycle, shown in its simplest from below (Dostal et al., 2004).
Figure 2.4: Diagram of a simple Brayton cycle (Dostal et al., 2004)
It is the goal of this section to outline the fundamentals of a sCO2 Brayton Cycle,
the history of its development, and some modern examples. The section will begin by
identifying how the properties of sCO2 result in a decrease in the size of critical components
such as the turbine and heat exchanger, and the positive implications this has for turbine
efficiency. Then a historical overview of the sCO2 power cycle will be detailed using
modern examples.
2.4.2 Efficiency





An increase in efficiency requires either an increase in the work output (Wnet) or a




Persichilli et al. (2012) identifies a high fluid density as the key reason for the compactness
of sCO2 turbomachinery. A high fluid density allows for a greater amount of energy to
be stored per unit volume of a substance. The greater the amount of energy per unit
volume, the lower the volume of working fluid required for the same output, compared to
a fluid with lower density. A lower volume of working fluid results in a smaller turbine
size (Fig. 2.5).
Figure 2.5: Image showing reduced size of sCO2 turbine alongside comparable steam tur-
bine (Persichilli et al., 2012)
2.4.4 The Pinch-Point
The heat associated with a change of phase from liquid to gas (or solid to liquid) is
known as the latent heat of vaporisation. The pinch-point is a colloquial term used
among engineers to describe the constant temperature heat addition that occurs during
this phase change. The temperature remains constant until sufficient heat is added to
transform the substance to its higher phase, at which point the temperature continues to
increase.
A Rankine cycle is a two-phase cycle utilizing water. The pinch-point in the heat
exchanger limits the overall efficiency of the cycle. This is because the Qin term in equation
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Supercritical fluids have an advantage in this regard, because they exist throughout
the cycle solely in the supercritical phase. As no phase change occurs, no latent heat
input is required, and no pinch point occurs. Therefore, Qin is decreased, and the overall
thermal efficiency of the cycle is increased. This is illustrated in the following diagram
from the work of Persichilli et al. (2012), showing the pinch-point that occurs during the
heating of water, and its absence when heating sCO2.
Figure 2.6: Diagram showing the constant temperature heat addition (or ‘pinch-point’)
that occurs during the heating of water, and the subsequent lack of the phenomenon due
to sCO2 being a single-phase fluid (Persichilli et al., 2012).
The lack of a pinch point, in addition to the high fluid density, means that the size
of the heat exchanger used in an sCO2 Brayton cycle is greatly reduced when compared
to a steam Brayton cycle.
2.4.5 History of sCO2 Power Cycles
Although Supercritical Carbon Dioxide power generation has only recently gained appre-
ciable traction in the power generation sector, it has been investigated as a working fluid
since the 1940s, with more active investigation occurring throughout the 1960s and 1970s
(Dostal et al., 2004). To provide a greater impetus for the current work, this section




2.4.6 Modern examples of sCO2 Cycles
2.4.6.1 SCO2 Power Cycle for Next Generation Nuclear Reactors
In his 2004 thesis, Vaclav Dostal presents a comprehensive overview of prior literature
relating to sCO2 cycles and applies this to his own design of a sCO2 Brayton cycle for
use in a nuclear power plant. Most notably, Dostal draws on the work of Feher (1967)
and Angelino (1969), before conducting a thermodynamic analysis of two sCO2 Brayton
cycles, with and without inter-cooling and re-heating.
Feher introduced the concept of a sCO2 Brayton cycle in 1967. His work provides
an excellent example of the pinch-point phenomena, and how this is bypassed using sCO2
(Dostal et al., 2004). In subsequent years, Angelino performed extensive investigation
into supercritical CO2 cycles, with a strong focus on condensation cycles operating at
temperatures below the critical point (Dostal et al., 2004). This meant he also encountered
the pinch-point, which he attempted to overcome through the design of four compound
condensation cycles (Dostal et al., 2004). The analysis of these cycles become increasingly
complex, and is beyond the scope of the current work.
Dostal et al. (2004) also investigates the effect of adding a re-heat stage to a sCO2
Brayton cycle. A re-heat stage increases the outlet temperature of the turbine, which
increases the reactor inlet temperature, and hence the temperature at which heat is added
to the cycle (Dostal et al., 2004). Diagrams of sCO2 Brayton cycles with one and two
stages of reheat are shown in Figure 2.7.
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Figure 2.7: Diagram showing sCO2 Brayton cycles with a) one reheat stage and b) two
reheat stages (Dostal et al., 2004).
To increase the efficiency of the cycle, the temperature difference between the heat
input and output must be maximized. This can be done by either increasing the tem-
perature at which heat is added, or decreasing the temperature at which heat is rejected.
Re-heating serves to increase the temperature at which heat is added, and hence in-
creases the efficiency. The low value of the critical temperature for CO2 means that the
16
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temperature at which the cycle rejects heat is already at its limit, with further decrease
constrained by the temperature of the ambient environment.
2.4.6.2 SCO2 Power Cycle for using in Concentrating Solar Power Plants
Turchi et al. (2012) detail the design of an sCO2 Brayton cycle for use in a concentrating
solar power (CSP) plant. The authors reference the prior work of Dostal et al. (2006), and
its applicability to their work. In a CSP plant, a heat transfer fluid (HTF), usually molten
salt (but also steam and oil) is heated by solar radiation before being transferred to a
power block (Turchi et al., 2012). The complexity of managing steam in this application,
with additional temperature limits on salt and oil, affects implementation. Turchi et al.
(2012) consider the use of two sCO2 plants, one in which molten salt is used as the HTF
to power a 100MW sCO2 power block, and another where a 10MW tower mounted power
block uses sCO2 as the HTF (Turchi et al., 2012). The preliminary cycle model developed
as part of the work of Turchi et al. (2012) is shown in Figure 2.8.
Figure 2.8: Diagram showing the sCO2 Brayton cycles developed by Turchi et al. (2012)
for use in CSP plants.
2.4.6.3 Echogen 10 MWe sCO2 Power Cycle
Persichilli et al. (2012) detail the design of Echogen’s 10 MWe sCO2 turbine (Fig. 2.5)
and provide a comparison of the sCO2 cycle with current steam Rankine cycles. Their
reporting focuses on recent developments and steps towards commercialisation of such a
cycle. Given that the financial benefits of sCO2 cycle implementation are not the focus of
this thesis, they will not be discussed herein. While similar to other sCO2 power cycles
discussed, Echogen’s sCO2 heat engine is scalable to greater than 50MWe and is suitable
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for use with a wide array of heat sources, most notably, it is designed to run on waste
(low grade) heat, presenting yet another application for a sCO2 cycle. A schematic of the
cycle is shown in Figure 2.9.
Figure 2.9: Diagram showing the sCO2 Brayton cycle developed by Echogen (Persichilli
et al., 2012)
2.5 Supercritical CO2 Turbines
2.5.1 Overview
The aim of this section is to provide an overview of the limited range of current sCO2
turbine concept designs.
2.5.2 GE/SwRI Sunshot 10 MWe sCO2 Turbine
The Sunshot 10 MWe sCO2 Turbine is an axial turbine concept developed by General
Electric (GE) and the Southwest Research Institute (SwRI) (Allison & Moore, 2019).
Similar to the sCO2 Brayton cycle introduced by Turchi et al. (2014) the Sunshot Turbine
is designed for use in CSP applications.
18
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Figure 2.10: Diagram showing the GE/SwRI 300kW Sunshot Turbine for use in CSP
plants.
Recent testing has demonstrated the capability of the turbine, operating at an inlet
temperature of approximately 7500C. SwRI predicts the ability of the turbine to raise the
efficiency of current CSP plants from 40% to 50% efficiency, allowing them to become
competitive with traditional fossil fuel plants (Allison & Moore, 2019)
2.5.3 QGECE ASTRI 300 kW sCO2 Turbine
The Australian Solar Thermal Research Institute (ASTRI) 300kW sCO2 turbine unit
design by the Queensland Geothermal Energy Centre of Excellence (QGECE) at the
University of Queensland (UQ) is a radial inflow turbine design also intended for use in
CSP applications. Analysis of the turbine’s cooling system forms the basis of the current
work and will be revisited in the following chapter.
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2.6 Supercritical CO2 Turbine Cooling Systems
2.6.1 Overview
The reduced size of sCO2 Turbines presents a challenge for effective thermal management
(Swann et al., 2017). As such, this section will introduce the issues associated with the
effective cooling of a sCO2 turbine.
2.6.2 Challenges to Cooling System Design
Allison & Moore (2019) identify the need for an effective thermal management strategy
in the GE/SwRI 10 MWe Sunshot Turbine to avoid excessive thermal stresses along the
shaft length. Such thermal management is necessary to reduce the high-likelihood of
material degradation over time (Allison & Moore, 2019). However, it is difficult to find
further information regarding this turbine’s cooling system.
Swann et al. (2017) identifies the need for sCO2 radial inflow turbines, such as the
ASTRI sCO2 turbine, to operate at a higher rotational speed in order to produce com-
parable outputs to steam turbines. The increased shaft speed makes the rotor vulnerable
to dynamic vibration, the effects of which are catastrophic. To avoid this, the bearings
must be placed closer to the impeller, further reducing the cooling length. The reduced
size and cooling length of sCO2 turbines means that the rate of convective heat transfer
must be significantly increased (Swann et al., 2017).
Effective thermal management within the turbine cooling length is further compli-
cated by the complex flow regime present. Taylor-Couette-Poiseuille (T-C-P) consists of
a rotational (Taylor-Couette) flow with a superimposed axial (Poiseuille) through-flow
(Fe´not et al., 2011). While understood well in low shaft speed applications, the decreased
cooling length, reduced turbine size and increased shaft speed pushes current literature





A turbine can be modelled as two concentric cylinders, where the inner cylinder rotates.
This configuration is known as an annulus, or annular system. Fluid motion in an an-
nulus can occur because of an axial mass flow, known as a Poiseuille flow, or due to the
rotation of the inner cylinder, the resulting rotational flow is known as a Taylor-Couette
flow. Taylor-Couette-Poiseuille flow is best understood as a composite flow, that of the
combination between axial and rotational flow (Kuzay & Scott, 1975).
2.7.2 Axial Flow and The Reynolds Number
This segment will detail the appropriate axial flow theory before moving onto the purely
rotational flow case. The primary parameter that describes the behaviour of axial flows
is the Reynolds number, a dimensionless parameter describing the ratio of inertial forces




The term Lc denotes the characteristic length, in the case of an annular system,
the characteristic length is the hydraulic diameter, Dh. The Reynolds number is used
to determine the flow regime of a fluid system, typically, external flows with a Reynolds
number of less than 2300 are laminar, while turbulence occurs at approximately 5 ×105.
For internal flow in an annulus, transition to turbulence occurs at Re = 3000.
2.7.3 Taylor-Couette Flow
2.7.3.1 Definition
Rotational flow between two concentric cylinders without an axial through-flow is known
as Taylor-Couette (T-C) flow. Due to its complex and varying flow structures, T-C flow
has been the subject of numerous studies, although, as noted by Jakoby et al. (1999),
these studies tend to be purely academic in nature, due to T-C flow’s fewer technical
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applications when compared to its axial cousin, Taylor-Couette-Poiseuille (T-C-P) flow.
This section will provide an overview of the current theoretical and experimental literature
pertaining to T-C flows, to act as theoretical groundwork before looking at the mixed-
mode (T-C-P) case.
2.7.3.2 The Taylor Number
As with axial flow, the rotational flow regime is governed by a dimensionless parameter
representing the ratio of forces acting on the fluid. While the viscous term in the di-
mensionless parameter remains the same, the inertial force is replaced with a centrifugal
force to represent the change from linear to rotational fluid motion. This ratio of cen-
trifugal to viscous forces is known as the Taylor number, named after English physicist
G.I. Taylor. Fe´not et al (2011) reviews much of the past literature on rotational flows and
presents varied definitions of the Taylor number, the most common, and the definition








This definition has been chosen as the hydraulic diameter term allows for possible
variation in channel geometry, although this term can also be replaced by the difference
in the radii of the two cylinders (Ro – Ri). Additionally, the Taylor number can also be
modified by the term (1/Fg), where Fg is a geometric factor dependent on the study and




To illustrate the total complexity of the flow field under investigation, the following dia-
gram taken from the work of Andereck et al. (1985) as cited by Fe´not et al. (2011) will
be used (Fig. 2.11)
Figure 2.11: Flow map of T-C flow as produced in the work of Andereck et al. (1985)
(Fe´not et al., 2011)
The flow can be simplfied into four regimes;
• Couette-Flow - flow under the critical rotational speed, ωc,dominated by viscous
forces, smotth and laminar¿
• Taylor-Vortex Flow - Taylor vortices appear in the flow above the critical rota-
tional speed, which corresponds to Tac = 1708.
• Azimuthal Wave Flow - azimuthal waves appear at a critical Taylor number ratio
Ta
Tac
= 1.2. Such waves reach a zenith and remain constant for 4.5 ≤ Ta
Tac
≤ 25. Once
the critical Taylor number ratio, Ta
Tac
= 96, the waves disappear.
• Turbulent Flow - the work of Cognet (1984) identifies a near infinite number of




However, Taylor-Couette flow is typically charaterised into two distinct cases, de-
fined by whether or not Taylor vortices are present in the flow (Fe´not et al., 2011).
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Figure 2.12: Taylor vortices as described by Gazley (1962) (Fe´not et al., 2011).
2.7.4 Heat Transfer
2.7.4.1 The Nusselt Number
In fluid systems, convection is the heat transfer mechanism of interest and is described
by Newton’s Law of Cooling.
q˙conv = h(Ts − T∞)
Where h is the convection heat transfer coefficient, measured in W/m2.K, Ts is the
temperature of the surface and T∞ is the temperature of the surroundings. Throughout
engineering, it is common to nondimensionalise important equations and combine the
variables arranged therein to from dimensionless numbers (C¸engel & Ghajar, 2015). In
the study of heat transfer, it also commonplace to nondimensionalise the heat transfer
coefficient into the dimensionless Nusselt number, a term proposed by German engineer




2.7.4.2 The Prandtl Number
Defined as the ratio of momentum diffusivity to thermal diffusivity, the Prandtl number,
developed in 1908 by German Physicist Ludwig Prandtl also appears throughout the
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Where Cp is the specific heat capacity, and mu (µ) and nu (ν) are the dynamic and
kinematic viscosities, respectively. The term is often associated with the axial Nusselt
number and is used to determine whether the thermal or momentum boundary layer
dominates the flow (C¸engel & Ghajar, 2015).
2.7.5 Taylor-Couette-Poiseuille Flow
2.7.5.1 Overview
Taylor-Couette-Poiseuille (T-C-P) flow is a composite flow case, comprised of the purely
rotational Taylor-Couette flow and the axial Poiseuille component. Due to the applica-
tions of this flow to many engineering applications, such as electric motors, engines and
turbine cooling, several studies have been conducted since the work of Couette in 1887
and Taylor in 1923 (Fe´not et al., 2011). However, the sensitivity of this flow to numerous
conditions means that there is no unified or clearly defined literature on its flow structure,
transition states and specifically, its effect on heat transfer.
2.7.5.2 Taylor-Reynolds Flow Regime Map
T-C-P flow is characterised by the same dimensionless flow parameters introduced for
the limiting flow cases of purely axial and purely rotational flow. However, the combined
effect of these two parameters means that the distinction between flow regimes is no
longer binary. The laminar-turbulent transition of axial flows and presence or absence of
vortices for rotational flow is replaced with four distinct flow regimes, commonly visualized
on a Taylor-Reynolds flow regime map (Wilcox, as cited in Andersen et al., 2015). The
resulting flow regimes are hence charaterised (a) laminar, (b) laminar with vortices, (c)
turbulent with vortices or (d) turbulent (Fig. 2.12)
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Figure 2.13: Taylor-Reynolds Flow Regime Map (Wilcox, as cited in Andersen et al.,
2015).
2.7.5.3 Effect of the axial Poiseuille Flow
In their experimental work, Andersen et al. (2015) note that the axial Poiseuille flow has
a ‘flattening’ effect on the Taylor vortices, causing them to appear rectangular.
Figure 2.14: Experimental results of Andersen et al. (2015) demonstrating the ‘flattening’
effect of the axial Poiseuille flow.
This effect is demonstrated in Figure 2.14, showing the ‘flattening’ effect on the
Taylor-Vortices in (b) compared to their more rounded appearance in (a).
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2.7.5.4 The Effective Reynolds Number
It is a primary goal of the present work to review prior studies relating to the study of
heat transfer in T-C-P flows. Analysis of T-C-P Flow heat transfer will be omitted from
this chapter, but will be the primary focus of Chapter 4. However, it is worth introducing
a key parameter often referenced in the quantification of T-C-P flow fields.
This parameter, known as the effective Reynolds number, was developed by C.
Gazley in 1962, and was used by Luke (1923) and Boufia et al. (1998, 1999) to correlate









The standard form of the Reynolds number is calculated using an effective velocity
term, defined as the components of the axial and rotational velocities. This form is useful
as it provides a quantification of the axial and rotational effects of the flow in a single,
unified parameter.
This form of the Reynolds number is used by several authors throughout the body
of literature on T-C-P flows and is used to characterise several of the heat transfer corre-
lations investigated in the current work.
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Case Study: ASTRI 300 kW sCO2
Turbine Unit
3.1 Overview
Supercritical Carbon Dioxide (sCO2) has been introduced as an excellent working fluid
for use in power cycles. A major challenge facing its implementation is the design of an
effective cooling system given the reduced cooling system size and complex flow structure.
The remainder of this thesis will seek to address this problem. Taylor-Couette-Poiseuille
(T-C-P) Flow heat transfer correlations will be sourced from literature to determine their
applicability to sCO2 turbine cooling systems. As such, an in-house sCO2 radial inflow
turbine concept has been selected as a case study to determine the applicability of the
chosen correlations. This chapter will present the Australian Solar Thermal Research
Initiative (ASTRI) 300 kW sCO2 Turbine as developed by the Queensland Geothermal
Energy Centre of Excellence (QGECE), previously introduced in section 2.5.3.
3.2 Turbine Design Methodology
The Australian Solar Thermal Research Initiative 300kW sCO2 Turbine unit, henceforth
referred to as ‘the ASTRI Turbine’, or simply ‘the turbine’, is a radial inflow turbine
principally designed by the QGECE. The current work focuses on the application of T-C-P
flow heat transfer literature to a sCO2 turbine cooling system. Parameters for the ASTRI
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turbine’s cooling system will be used to determine a range of applicability, against which
literature sourced correlations can be compared. Meijboom (2017) developed a widely
applicable design methodology for radial inflow turbines. Similarly, it is the goal of the
current work to present a methodology that can be used to test the applicability of T-C-P
flow heat transfer literature to a turbine cooling system. A brief overview of the design
methodology will be outlined, so that it may be utilized by future researchers in developing
a specified turbine. Meijboom (2017), specifies a three-tier analysis methodology for the
design of a radial inflow turbine. Tier 1 consists of a 1D preliminary analysis, Tier 2
covers aerodynamic analysis and Tier 3 concerns mechanical analysis. The methodology
is shown diagrammatically in Figure 3.1.
Figure 3.1: Flow chart of design methodology for a radial inflow turbine (Meijboom, 2017).
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A brief overview of the analysis procedure is as follows;
• Preliminary Analysis - 1D analysis using the computational tools;
– TOPGEN - a 1D analysis tool for radial inflow turbines developed by UQ.
– zTurbo - a 1D analysis tool for radial inflow, outflow and axial turbines de-
veloped by the Delft University of Technology.
• Generation of mesh for aerodynamic and mechanical analyses.
• Aerodynamic Analysis - analysis of the turbine’s aerodynamic performance, us-
ing;
– Eilmer4 - a transient solver for compressible flows developed by Dr Peter
Jacobs and Dr Rowan Gollan at UQ. The analysis procedure is detailed in the
Turbine Design User Manual (Meijboom, 2017).
– SU2 - a steady state solver for compressible flows (Palacios et al., cited in
Meijboom, 2017). The analysis procedure is detailed in the Turbine Design
User Manual (Meijboom, 2017).
• Post-processing techniques using further code;
– create slices.py - divides the turbine channel solution into slices, calculating
the average mass flux over each.
– Massflowrate convergence.py - calculates the mass at the turbine inlet and
outlet for differing time steps.
– Transient Onedval postprocess.py - calculates the average, minimum and max-
imum values of each calculated parameter for each slice generated by cre-
ate slices.py.
• Mechanical Analysis - analysis of mechanical stresses in the turbine blades result-
ing from centrifugal and fluid forces. Modelled using data from the post-processing
of the aerodynamic analysis in Solidworks and ANSYS Workbench.
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3.3 Turbine Cooling System Schematic
An overview of the turbine design methodology has been briefly described. It is now
necessary to identify the region and parameters of interest to the current work. It is the
goal of the current work to determine the applicability of current T-C-P flow heat transfer
literature to the cooling region of a sCO2 turbine cooling system.
It is the purpose of a cooling system to remove heat from the working fluid before
it reaches critical components such as the seal. Cooling fluid is injected into the system,
counter to the direction of flow, so that heat may be transferred from the high temperature
working fluid to the low temperature cooling fluid.
To define the range of applicability for the ASTRI turbine cooling system, sev-
eral parameters must be known, specifically, the mass flow rate, the radii of the shaft
and casing, the inlet temperature and the mass flow rate. These parameters are shown
diagrammatically in the turbine schematic shown in Figure 3.2.
Figure 3.2: Schematic diagram of the ASTRI Radial Inflow Turbine cooling system show-
ing cooling length and associated temperature and heat transfer components.
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3.4 Cooling System Parameters
Parameters for the ASTRI sCO2 Turbine’s cooling system will be utilized to determine
the applicability of heat transfer correlations to said cooling system. The values in the
following table are a combination of those sourced from the Cooling System Selection
Design Report (Swann, 2017), and further extrapolated values (See Appendix A for cal-
culations). Note that parameter values are given for both the minimum and maximum
operating conditions of the turbine cooling system. This will allow for the determina-
tion of a range of flow conditions over which a given heat transfer correlation must be
applicable.
Table 3.1: ASTRI sCO2 Turbine Cooling System Parameters
Parameter Minimum Conditions Maximum Conditions
Pressure (MPa) 9.5 14
Inlet Temperature (C) 100
Inlet Temperature (K) 373.15
Mass Flow (kg/s) 0.001 0.01
Axial Velocity (m/s) 0.22 0.02
Shaft Speed (rpm) 50 000
Shaft Speed (rad/s) 5236
Shaft Diameter (m) 0.016 0.05
Casing Diameter (m) 0.018 0.06
Hydraulic Diameter (m) 0.002 0.01
Cross Sectional Area (m2) 53.4 ×10−6 863.9 ×10−6
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3.5 Taylor-Reynolds Range of Cooling System
To describe the aforementioned flow conditions within the turbine, the previously intro-
duced axial Reynolds and Taylor number will be utilized. These dimensionless parameters
can be calculated using the values presented in Table 3.1 and Equations 2.4 and 2.5 (See
Appendix A) for calculation. The axial Reynolds and Taylor number ranges for the AS-
TRI sCO2 Turbine Cooling System are;
1.5× 1010 ≤ Ta ≤ 1.8× 1013
1700 ≤ Re ≤ 5500
For the purposes of the current work, these values of Reynolds and Taylor number
define the ASTRI sCO2 Turbine cooling region and can hence be used to determine the
applicability of a given Nusselt number correlation to the modelling of the heat transfer.
3.6 Methodology
To determine the applicability of current T-C-P flow heat transfer correlations to the
cooling region of a specified turbine, the following methodology can be utilized. The
remainder of this thesis will follow this methodology.
After the process outlined by Meijboom (2017) has been followed to generate a
radial inflow turbine design to specification, and a set of cooling system parameters for
said turbine has been generated, the Taylor-Reynolds range of the cooling system can be
calculated.
Moving forward, Nusselt number correlation can be collated from literature. The
Taylor and axial Reynolds numbers at which these correlations where derived at during
experimentation should also be noted. The applicability of a given correlation to a spec-
ified turbine can be determined using a visual tool known as the Taylor-Reynolds space.
The correlations can then be inputted into the 1D, Axis-Symmetric Heat Transfer Solver
to generate a series of values describing the heat transfer along the cooling length.
The values generated by the 1D, Axis-Symmetric Heat Transfer Solver can be plotted
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and interpreted to form an understanding of the heat transfer in the cooling zone of a
specified turbine design, as predicted by a given Nusselt number correlation.
Finally, due to design constraints, variation in the geometry of a cooling system is
limited. The annular gap height is often the only dimension that can be varied. The effect
of this variation on the heat transfer in the cooling system can be investigated through
the generation of data at different annular gap heights.
A diagrammatic representation of the methodology presented throughout the re-
mainder of this thesis is shown in Figure 3.3.
Figure 3.3: Flowchart showing methodology for testing the applicability of a literature





Thermal analysis of fluid in an annulus with an axial through-flow has many applications
throughout engineering. As such, even though the phenomenon is poorly understood,
many authors have undertaken experimentation to determine heat transfer correlations
for this flow pattern.
The five studies analysed in the chapter are listed here;
• Tachibana & Fukui (1964) - Convective Heat Transfer of the Rotational and
Axial Flow between Two Concentric Cylinders
• Kuzay & Scott (1975) - Turbulent Heat Transfer Studies in Annulus With Inner
Cylinder Rotation
• Childs & Turner (1994) - Heat Transfer on the Surface of a Cylinder Rotating
in an Annulus at High Axial and Rotational Reynolds Numbers
• Jakoby et al. (1999) - Correlations of the Convection Heat Transfer in Annular
Channels with Rotating Inner Cylinder
• Andersen et al. (2015) - CFD Study of Forced Air Cooling and Windage Losses
in a High Speed Electric Motor
In Fe´not et al.’s 2011 paper, ‘A review of heat transfer between concentric rotating
cylinders with or without axial throughflow’ a comprehensive summary of heat transfer
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correlations for Taylor-Couette-Poiseuille flow is provided. The authors note that the
most commons expressions for the Nusselt number are given by either of the following;
As literature on the thermal investigation of Taylor-Couette Poiseuille flow spans
a nearly a century of scientific inquiry, the experimental, analytical and mathematical
techniques used by authors varies considerably. In this work, effort has been made to
demonstrate the eclectic nature of the chosen studies and introduce a level of formalisation
to each so that analysis may be performed across them in later chapters.
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4.2 Tachibana & Fukui (1964)
4.2.1 Introduction
In 1964, Tachibana Fukui (1964) published their paper ‘Convective Heat Transfer of the
Rotational and Axial Flow between Two Concentric Cylinders’, now one of the most cited
papers in the literature on T-C-P flow. At this time, while it was recognised that the
heat transfer in flow between two concentric cylinders, had a wide number of engineering
applications, the complexity of the heat transfer mechanisms meant that analytical studies
were few and far between (Tachibana & Fukui, 1964).
Drawing on and seeking to continue the work of Gazley (1958) and Kaye & Elgar
(1958), Tachibana & Fukui (1964) aimed to add to the sparse literature pertaining to the
subject. The lack of experimental literature meant that the aim of their experimentation
was to provide such data, rather than target a specific range of axial Reynolds or Taylor
number.
Throughout their report, Tachibana & Fukui (1964) draw on the work of C. Gazley
(1958), in developing a heat transfer correlation for Taylor-Couette-Poiseuille Flow. As
will be shown, Tachibana & Fukui (1964) present two distinct correlations, one for the
axial Nusselt number (Nua) and one for the rotational Nusselt number (NuTC), with the
sum of heat fluxes from both modes being used to calculate the total heat flux for T-C-P
flow. To simplify their results into a unified Nusselt number expression for T-C-P flow, the
authors utilize a term known as the effective velocity, to calculate the effective Reynolds
number, which is then use to modify their expression for the axial Nusselt number (Nua)
into an expression for the mixed mode Nusselt number (NuTCP ). The effective velocity and
Reynolds terms are restated here for convenience (from Chapter 2), the Nusselt number
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4.2.2 Experimental Apparatus
Tachibana & Fukui (1964) utilised four experimental apparatus throughout their experi-
mentation, summarised in the following table, a more in depth overview of each apparatus
can be seen in Appendix B;











A Air 4 - 32 N/A
Heated Inner Cylinder, Outer Cylinder
exposed to ambient air (25 0C)










4 - 32 228 - 2700
Cooled Inner
Cylinder, Heated Outer Cylinder
4.2.3 Experimental Results & Data Analysis
Similar to the work of Kaye & Elgar (1958) six years prior, Tachibana & Fukui (1964)
identify the typical four flow regimes seen in T-C-P flow: laminar, laminar with vortices,
turbulent, and turbulent with vortices, however, the also add a fifth category, that of
irregular vortices, which is used to describe purely rotational flow or flow with a low axial
velocity. Of the five flow regimes, the authors categorize their heat transfer into three,
based on the dominant flow regime, they are (see Fig. 4.1);
1. Axial Convection – due to turbulence (A)
2. Rotational Convection (TC) – due to irregular vortices (C)
3. Mixed Mode Convection (TCP) - due to turbulence and irregular vortices (B)
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Figure 4.1: Chart showing the dominate flow regimes for the results obtained by Tachibana
& Fukui (1964).
4.2.3.1 Axial Convection
A plot of the Nusselt number against the axial Reynolds number (Fig 4.2) shows that the
heat transfer coefficients are the same from both the inner and outer cylinders when each
are heated. The authors highlight the difference between this study and those conducted
previous using heating and cooling of each cylinder in different configurations. Figure
4.3 shows the difference between the generated Nusselt number when both the inner and
outer cylinders are heated, and when one is heated, and one is cooled.
Figure 4.2: Figure showing the Nusselt number at varying Reynolds numbers for different
heating configurations.
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Figure 4.3: Plot showing the Nusselt number for the case where both the inner and outer
cylinder are heated and the case where only one of the cylinders is heated.











Where the variable n is equal to 0.015 for one side heated and 0.017 for both sides
heated.
4.2.3.2 Rotational Convection
For the case of purely rotational convection, or convection due to Taylor-Couette flow,
Tachibana & Fukui (1964) recall their previous work, where their experimentally deter-




The Nusselt number is plotted against the Taylor number for the different heating
conditions in Figure 4.4. While not stated explicitly by Tachibana & Fukui (1964), these
results were generated by experimental apparatus D, and it is clear that the authors were
also able to test heating from the inner cylinder, presumably by using heated water.
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Figure 4.4: Plot of experimental results generated by apparatus D, the trendlines represent
<Ta4 and >Ta4, respectively (Tachibana & Fukui, 1964).
The Nusselt number is described by the following equation;
NuTC = 0.046Ta
2/3Pr1/3
Both this correlation, and the correlation derived by the authors for flows with a Taylor
number greater than 104 are shown in Fig. 4.4. Note that an increase in the Taylor
number also leads to an increase in the resultant Nusselt number.
4.2.3.3 Mixed-Mode Convection
In their reporting for the mixed-mode, or Taylor-Couette-Poiseuille Nusselt number,
Tachibana & Fukui (1964) resort to using a term introduced previously, the effective
Reynolds number, defined by Gazley (1958). The effective Reynolds number term is















Where the term in bold is the effective Reynolds number. The author’s note that
this equation only holds for values of the axial Reynolds less than 1.1. For values greater
than 1.1 this equation does not hold, because an increase in the Reynolds number greatly
negates the effect of the rotational flow, meaning that the rotational velocity term used
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in the calculation of the effective velocity is superfluous and alters the equation in a way
that is not congruent with the experimental results. Data for the Nusselt number for both
value ranges of the effective Reynolds number are shown below (Fig. 4.5);
Figure 4.5: Plot showing experimental data for mixed-mode flow case, white squares indi-
cate Reeff>1.1Rea, while black squares indicate Reeff<1.1Rea (Tachibana & Fukui, 1964).
4.2.4 Heat Transfer Correlation
To conclude this analysis of the experimentation undertaken by Tachibana & Fukui (1964),
a summary of the Nusselt number correlations derived will be provided.











For the case of purely axial flow;
NuTC = 0.046Ta
2/3Pr1/3
Tachibana & Fukui (1964) introduce a simplified form of their Nusselt number corre-
lation using the effective Reynolds number term, for conformity with the other correlations
















4.3 Kuzay & Scott (1975)
4.3.1 Introduction
Kuzay Scott (1975) presented their experimental findings at the Winter Annual Meeting
of the American Society of Mechanical Engineers in 1975. Their paper, entitled ‘Turbulent
Heat Transfer Studies in Annulus With Inner Cylinder Rotation’ study focused on heat
transfer in an annulus with inner cylinder rotation, particularly for turbulent flows with
a large annular gap. Their work is notable for the fact that the opted to use a ratio of
velocities, rather than the Taylor number, for describing the relation between the axial
rotational flow.
The authors provide an overview of their reasoning based on previous research.
They identify two limiting cases of the flow regime, axial flow with no rotation, and inner
cylinder rotation with no axial flow. Through the work of Barrow (1955), Quarmby &
Anand (1970), Larking (1963) and Kays & Leung (1963), Kuzay & Scott present a heat
transfer correlation for the axial flow case;
Nua = 0.22Re
0.8Pr0.5
For the purely rotational, or Taylor-Couette case, Kuzay & Scott (1975) rely on the
work of Kaye & Elgar (1958), Bjorklund & Kays (1959), and Becker & Kaye (1962) to
identify the four main flow regimes detailed previously (laminar, laminar with vortices,





Where the subscript, m, refers to the Taylor number modified by a complex geo-
metric factor.For Taylor-Couette-Poiseuille Flow, or what Kuzay & Scott (1975) refer to
as the mixed mode case, the work of Luke (1923) and Gazley (1958) is used to present a
correlation of;
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NuTCP = Reeff
0.8
As well as the correlation detailed prior by Tachibana & Fukui (1964), using the














The eclectic nature of T-C-P flow literature means that the approaches used by
different authors vary over time, making it difficult to identify uniformity across the
literature. This was detailed previously using the method of adding the axial rotational
heat fluxes (Qaxial & Qrotational) employed by Tachibana & Fukui (1964).
A similar issue arises in the work of Kuzay & Scott 91975), as the authors choose
to eschew the Taylor number, and instead define two terms; a ‘rotation ratio (ζ)’ and a
‘rotation parameter (α)’ to describe the rotational component of the flow. The rotation














This term is used in lieu of the Taylor number and appears in the final expression
for the mixed mode Nusselt Number. From their reporting, Kuzay Scott utilise the
rotation ratio to fix the rotational velocity (to 1500-2000 rpm), so that they can vary the
parameter using the axial velocity.
4.3.2 Experimental Apparatus
Kuzay Scott (1975) utilise an insulated inner cylinder and heated outer cylinder in their
experimentation. The experimental setup (Fig. 4.6) spanned two floors of the Mechanical
Engineering Department at the University of Minnesota. While a more in-depth view
of the instrumentation can be read in the experimental report (Kuzay Scott, 1975),
an overview of only the essential components will be considered here for brevity. The
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apparatus itself consists of inner carbon steel pipe with an inner diameter of 60.3 mm
and an outer diameter of 76.2mm, insulated with a 12.3mm Textolite sleeve. The outer
cylinder consists of four sections of length 914mm each. The top three are comprised of
brass, with an inner diameter of 177.8mm and an outer diameter of 180.9mm. Because
it supports the upper assembly, the lower section is comprised of steel pipe with an inner
diameter of 177.9mm and an outer diameter of 193.7mm. Vane spacers consisting of 4 ×
3.2mm diameter pins where installed at the upper end of the lower steel section to ensure
concentricity.
Figure 4.6: Schematic of the experimental apparatus used by Kuzay & Scott (1975) in
their experimentation (Kuzay & Scott, 1975).
Heating was applied to the brass sections of the outer wall via a wound stainless-
steel strip heater with 2.5mm gap between its helixes. Kuzay & Scott (1975) refer to
the work of Hennecke (1970) in selecting this helix gap, as incorrect spacing has the
potential to lead to a non-uniform temperature distribution throughout the wall. A gap
of 2.5mm ensures the required uniformity. The heating strip was secured and covered
in fibreglass tape to provide additional aid in the maintenance of thermal, as well as
structural, uniformity. Finally, two guard heaters comprising revolutions of the same
stainless-steel heat strips were placed at each end of the outer cylinder. To ensure flow
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development, a hexagonal honeycomb comprised of aluminium is used to trip the flow at
a position 51mm inside the test section. Using this, the flow will develop with 15.-30.
Dh. The temperature distribution in the outer wall was measured using 30W copper
constantan thermocouples placed within the 2.5mm gap of the strip heater. While the
fluid temperature was measured using temperature probes position at 2., 3., 5. and 8. Dh
from the flow exit plane.
4.3.3 Experimental Results & Data Analysis
Kuzay & Scott (1975) generated a large volume of data during their experimentation. For
the sake of brevity, this thesis will focus on the derivation of the final Nusselt number for
T-C-P flow, for the full experimental results see Kuzay & Scott (1975).
To present a final uniform expression for the Nusselt number in terms of the axial
flow relations, Kuzay & Scott (1975) defer to a previous equation derived by Kuzay (1973)
in in his PhD thesis, given by;
NaTCP
Nua
= (1 + α2)0.8714
An represented by the following plot:
Figure 4.7: Plot of Nusselt number for axial and mixed-mode flow against the rotation
parameter (Kuzay & Scott, 1975).
The Nusselt number correlations and mixed-mode friction coefficient data is codified
using the axial flow relations using the rotation parameter (α) introduced previously.
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4.3.4 Heat Transfer Correlation
NaTCP
Nua
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4.4 Childs & Turner (1994)
4.4.1 Introduction
In choosing the Nusselt number correlations to analyse in this thesis, care has been taken
to include varying experimental operating conditions, analytical techniques and conclu-
sions to demonstrate the variability of Taylor-Couette-Poiseuille Flow literature. In the
work of Tachibana & Fukui (1964), the technique of adding component heat fluxes was
introduced. It was shown that replacing the axial Reynolds number with the effective
Reynolds number (Gazley, 1958) makes analysis more manageable, but also limits the
axial Reynolds number to values less than 1.1. Rea. Meanwhile, while Kuzay & Scott
(1975) have more freedom in the range of Re used (up to 105), they limit the rotation
used in their experimentation to a maximum 2000 rpm.
This motivates the use of Childs & Turner’s (1994) experimental work, who per-
formed tests at axial Reynolds numbers of approximately 3.7×105 and rotational Reynolds
numbers of 3×106 (Childs & Turner, 1994). This study quantifies its Nusselt number cor-
relation in terms of the axial and rotational Reynolds number, something it has in common
with the work of Kuzay & Scott (1975).
By 1994, experimental research into rotational flow in an annulus with an axial
throughflow had gained some traction, and Childs & Turner (1994) refer to a slew of au-
thors including a recent (at the time) review paper by Moran & Cohen (1991). Of greater
interest perhaps, are the author’s whose previous work they cite as having relevance to
their experimentation; the previously mentioned Gazley (1958) and the previously anal-
ysed Kuzay & Scott (1975). They do however, state that these authors performed analysis
at low Reynolds numbers compared to the current work, particularly as Childs & Turner
(1994) are focused on the applicability of their results to design. Unlike other authors
thus far, Childs & Turner (1994) present the heat transfer correlation derived by Gazley
(1958) for mixed-mode flow;
NuTCP = 0.03Reeff
0.8
Where Reeff is the before seen effective Reynolds number, defined by (note that
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Childs & Turner (1994) present the effective velocity term as part of the expression for









In addition, Childs & Turner (1994) also cite the work of the previously looked at
Kuzay & Scott (1975), presenting their mixed mode Nusselt correlation and the rotation
parameter term (see section 4.3.4.).
4.4.2 Experimental Apparatus
The experimental apparatus used by Childs & Turner (1994) consisted of a carbon fibre
coated aluminium rotor drum, with diameter and length, 0.4m, mounted on a steel shaft
and secured with titanium alloy end discs. Said motor drum was powered by an air
turbine and housed inside an annulus with an inner diameter of 0.46m.
Figure 4.8: Schematic of the experimental apparatus used by Childs & Turner in their
experimentation (Childs & Turner, 1994).
To ensure that the flow was fully developed, the rotor drum was positioned 1.8m
downstream of a 1.8m annulus section, with the blower being positioned a further 1m
from the rotor drum (see Fig. 4.14). To measure the heat flux across the surface of the
rotor drum, miniature thermo-pile type heat flux meters where inlayed into the carbon
fibre coating of the rotor drum. The locations of the heat flux meters are shown in Figure
4.15.
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Figure 4.9: Schematic showing positioning of heat flux meters in the apparatus used by
Childs & Turner (1994).
To calibrate said heat flux meters, steady state tests were performed for axial
Reynolds numbers in the range of 1.7 ×105 to 3.7 ×105. As shown in the following
figure (Fig. 4.16) the readings from the heat flux meter where constant for a given power
output.
Figure 4.10: Plot showing constant heat flux for different power outputs (Childs & Turner,
1994).
4.4.3 Experimental Results & Data Analysis
Compared to the work conducted by Tachibana & Fukui (1964) and Kuzay & Scott (1975),
Childs & Turner (1994) present few plots from their experimentation, likely because they
were attempting to fill a very specific gap in the literature on Taylor-Couette-Poiseuille
flow; that of high Reynolds number flow. Following the trend introduced in this thesis
by Kuzay & Scott (1975), Childs & Turner (1994) divide their results into a purely axial
case and a mixed-mode (Taylor-Couette-Poiseuille) case.
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4.4.3.1 Pure Axial Flow Case
For the case of pure axial flow, Childs & Turner (1994) plot the axial Nusselt number
against the axial Reynolds number;
Figure 4.11: Plot of Nusselt number against Reynolds number for axial flow (Childs &
Turner, 1994).
The authors propose the following correlation for the axial Nusselt number;
Nua = 0.023Re
0.8Pr0.5
This term is highly similar to the one used by Kuzay & Scott (1975) to describe the axial
Nusselt number in their experimentation, that was initially developed by Kays & Leung
(1963). Childs & Turner (1994) believe that the increase in the initial coefficient (0.22 to
0.23) is due to the developing thermal boundary layer accelerating the heat transfer.
4.4.3.2 Mixed-Mode (Taylor-Couette-Poiseuille) Flow Case
For the mixed-mode case, Childs & Turner (1994) plot the averaged Nusselt number
against the axial Reynolds number. The authors note that the rotational effects enhance
the heat transfer and decrease the effect of the axial flow. The authors present a Nusselt
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Figure 4.12: Nusselt number plotted against axial Reynolds number for different rotational
Reynolds numbers (Childs & Turner, 1994).







To compare the derived Nusselt number correlation with the experimental data, the
authors present a plot of both on the same axes;
Figure 4.13: Plot of the rotational and axial Nusselt numbers against velocity ratio term
(Childs & Turner, 1994).
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Figure 4.14: Plot of Nusselt number against the effective (here, equivalent) Reynolds num-
ber for varying rotational Reynolds numbers (Childs & Turner, 1994).
Finally, to provide a comparison between their own work and that of the authors
looked at in their literature review, Childs & Turner (1994) plot their experimental data
against the effective Reynolds number, the term developed by Gazley (1958) and used by
both Tachibana & Fukui (1964) and Kuzay & Scott (1975).
4.4.4 Heat Transfer Correlation
Childs & Turner (1994) provide a Nusselt number correlation for high axial rotational
Reynolds number flows. The correlation is based on the axial rotational velocity, and
the axial Nusselt number. Childs & Turner (1994) are unclear as to which coefficient in
the expression for axial Nusselt number (0.22 or 0.23) is more suitable. Given that the
higher value is due to flow development, this thesis will use the lower value (0.22).
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4.5 Jakoby et al. (1999)
4.5.1 Introduction
Through study of the three papers covered until this point, progression of the analysis
performed on Taylor-Couette-Poiseuille flow is becoming apparent. While the experimen-
tal apparatus has remained similar throughout, the analysis of the results has become
more refined. The additive heat flux technique presented by Tachibana & Fukui (1964)
has been eschewed in favour of correlations that utilise the axial rotational velocities in
the work of Kuzay & Scott (1975), with the Nusselt number for Taylor-Couette-Poiseuille
Flow often being presented implicitly with the formula for the axial Nusselt number. The
work of Childs & Turner (1994) shows the realization by researchers that greater impor-
tance should be placed on high Reynolds number flows due to their technical applications.
The one constant throughout the three studies, is their reference, or utilization of Gazley’s
(1958) effective velocity term.
This brings the analysis to the work of R. Jakoby, S. Kim and S. Wittig, with their
1999 paper, ‘Correlations of the Convection Heat Transfer in Annular Channels With
Rotating Inner Cylinder’.
Jakoby et al.’s (1999) work presents several new peculiarities to the body of lit-
erature. Firstly, it is the first of the papers analysed here to refer to the flow regimes
analysed as either Taylor-Couette flow or Taylor-Couette Flow with an axial through-
flow (the term Taylor-Couette-Poiseuille flow is yet to be used). Secondly, rather than
utilising thermocouples, Jakoby et al. (1999) make use of time dependant Laser Doppler
Anemometer (LDA) measures to analyses their flow. Finally, the heat transfer correlation
is based solely on the effective Reynolds number, and two coefficients, based on hyperbolic
approximation functions of the experimental data.
Due to the increase in understanding of Taylor-Couette-Poiseuille (T-C-P) Flows by
1999, Jakoby et al. (1999) draw on many of the authors analysed previously in detailing
the prior work conducted on T-C-P flows. The authors state that the catalyst for their
study is the desire to improve the operating efficiencies of engines for power generation,
highly similar to the goal of this thesis, albeit without the focus on supercritical CO2.
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Jakoby et al. (1999) identifies the origin of Taylor vortices once the critical rotational
speed of the shaft is exceeded, as reviewed by Fe´not et al. (2011). In addition, the authors
point out the inability of prior analytical techniques to correctly model the flow, stating
that Laser Doppler Anemometer (LDA) measurement can shed light on the difficult to
define flow field. Unlike the previous authors, Jakoby and his colleagues introduce the

















The presentation of the Taylor number as a function of the rotational Reynolds
number is of importance as it allows for the determination of the approximate Taylor
number ranges of the work conducted by Kuzay Scott (1975) and Childs Turner (1994),
which can then be analysed with the work of the remaining authors.
Reviewing the development of Taylor-Couette Flow in literature has already been
done at some length in this thesis, so a full restatement here would be superfluous. How-
ever, it is necessary to point out that Jakoby et al. (1999) refers to the work of Fenster-
macher (1979), in analysis T-C flow using LDA measures (Appendix C).
Noting that the analysis of Taylor-Couette Flow represents an academic pursuit
compared to a practical one, the authors also detail prior literature relating to Taylor-
Couette flow with an axial through-flow. Jakoby et al. (1999) refer to the work of Gazley
(1958), Tachibana & Fukui (1964) and Kuzay & Scott (1975).
4.5.2 Experimental Apparatus
The experimental apparatus utilised by Jakoby et al. (1999) is shown here. As shown in
Figure 4.15, the test section is housed between two flanges, the left-hand flange connects
the test section to what the authors refer to as a settling chamber, which is used to house
the gas before it enters the test section. Once the hot gas has built in the settling chamber,
it is discharged through the test section and exits through the right-hand flange to the
environment.
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Figure 4.15: Schematic of the experimental apparatus used by Jakoby et al. (Jakoby et
al., 1999).
The test section itself consists of an inner cylinder of diameter, 210mm, while the
outer wall of the chamber is fitted with sleeves of varying thickness, allowing the annular
gap height to be varied via the insertion of a stator sleeve of a different thickness, the
resulting annular gap heights are; 10mm, 15mm and 21mm.
The dynamic conditions of the rotating inner cylinder are 10 000 RPM, correspond-
ing to a tangential velocity of approximately 110m/s.
Importantly, the test section features a window to allow for the directing of a laser so
that LDA measurements can be taken. To provide a general idea, a photo of a standard
LDA setup is shown below, but this is not the exact apparatus used by Jakoby et al
(1999);
Figure 4.16: Photograph showing the use of LDA to measure the velocity of a fluid flow.
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In addition to the LDA setup, the temperature distribution along the inner and
outer cylinder where measured with more traditional techniques, namely, the use of Ni-Cr
thermocouples (Fig. 4.17).
Figure 4.17: Schematic diagram showing the positioning of thermocouples along the stator
and rotor of the test apparatus (Jakoby et al., 1999).
4.5.3 Experimental Results Data Analysis
Jakoby et al. (1999) divide their results into two distinct sections, unlike previous authors,
the authors focus on the structure of the flow field itself in addition to the heat transfer.
The flow structure is measured using an LDA apparatus, while the temperature distri-
bution and heat transfer are measured via thermocouples employed along the apparatus
length.
4.5.3.1 The Flow Structure
As detailed previously in this thesis by the work of Fe´not et al. (2011), the flow exhibits
Taylor vortices once the critical Taylor number (Ta = 1700) is exceeded. Although these
phenomena are related to a Taylor-Couette flow scenario in the Fe´not et al.(2011) review,
there is a similarity between his and Jakoby et al.’s (1999) Taylor-Couette-Poiseuille
results.
Jakoby et al. (1999) note that the flow undergoes two transition phases, the first
occurs when the critical Taylor number is exceeded and causes the perturbations present
in the flow to increase in magnitude. At this point, the flow is unsteady and axial waves
begin to form. A further increase in the Taylor number results in the appearance of
unsteady, counter rotating Taylor vortices. The velocity time distributions for the three
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flow transition phases are shown in Figure 4.18. Note that in each case, the axial Reynolds
number is kept constant, with the Taylor number being altered by an increase in angular
speed.
Figure 4.18: Axial velocity readings for fixed Taylor numbers and corresponding cross-
power spectra (Jakoby et al., 1999).
In addition to the plots of velocity against time, Jakoby et al. (1999) transform the
data from the time to the frequency domain to present the cross-power spectra. This was
done to identify what Jakoby et al. (1999) refer to as the stability boundary, in other
words, the point at which the flow transitions from steady flow to unsteady flow. The
three cases, each representing steady, transitional and unsteady flow are plotted on axes
of differing values due to the variation in the amplitudes. The peaks of the signal show a
steep increase as the Taylor number (rotational velocity) is increased.
From this spectral analysis, Jakoby et al. (1999) derive what they term a stability
map, used to describe the axial Reynolds Taylor number at which the flow is steady,
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transitional and unsteady, to guide their analysis of the heat transfer (Fig. 4.19).
Figure 4.19: Stability map for Taylor-Couette-Poiseuille flow developed by Jakoby et al.
(1999).
4.5.3.2 Heat Transfer
To simplify their analysis of the heat transfer in an annular channel, the authors seek to
unify the axial and rotational aspects of the flow into one dimensionless parameter. It is
here that the effective Reynolds term (Gazley, 1958) once again appears, as Jakoby et al.
(1999) find that it provides the best correlation for the measured data. It should also be
noted here that Jakoby et al. (1999) modify both the effective Reynolds number and the









To produce the following plots, three of the plots correspond to differing heights
of the annular gap (note that Jakoby et al. (1999) use the term ‘s’ to refer to the gap
height), while the bottom right plot shows all three gap heights on the same plot (Fig.
4.20).
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Figure 4.20: Plots of Nusselt number against Reynolds number for varying annular gap
heights (Jakoby et al., 1999).
4.5.4 Heat Transfer Correlation
Based on these results. Jakoby et al. (1999) derived a correlation for the Nusselt number.
In contrast to other authors, Jakoby and his colleagues decided to greatly simply the
derived correlation, basing it on the effective Reynolds number and two coefficients.
NuTCP = cReff
n
With the constants c and n being based on a hyperbolic tangent function used to
approximate the measured data.
Figure 4.21: Correlation coefficients plotted against L/s, where s is the annular gap height

















With the values of the coefficients used to calculate c and n summarised in the
following table for steady and periodic (unsteady) flow.
Table 4.2: Values for the coefficients a0, au, t and b for varying flow conditions (Jakoby
et al. (1999)).
Steady Flow Periodic Flow
n c n c
ao 0.8 0.04 0.8 0.04
au 0.5 0.6 0.625 0.136
t 0.27 0.32 0.27 0.3
b 12.1 8.85 15.0 12.9
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4.6 Andersen et al. (2015)
4.6.1 Introduction
By 2015, investigations into the effect of mixed-mode flows on heat transfer had undergone
a relative conceptual normalization. Since the review of Fe´not et al. (2011), it is now
commonplace to see authors addressing this problem provide a relatively comprehensive
review of past literature, due to the now sizable body available. Additionally, a greater
degree of clarity is present in the outlining of the experimental procedure and the problem
definition, likely due to the narrowing of research avenues over decades. Most notable,
mixed-mode flow is now commonly referred to as Taylor-Couette-Poiseuille flow. Nowhere
is this more evident than in the work of Andersen et al. (2015), in their 2015 paper
‘CFD Study of Forced Air Cooling and Windage Losses in a High-Speed Electric Motor’.
The paper provides an extensive overview of prior literature regarding T-C-P flows, and
presents both Computational Fluid Dynamic (CFD) modelling and experimental data to
produce a correlation for high Taylor, high Axial Reynolds, narrow gap flows based solely
on the Taylor number.
Andersen et al. (2015) refer to number of modern authors in their detailing of prior
literature. The work of Se´bastien Poncet is referred to heavily throughout the report,
particularly in describing the enhancement of turbulence due to the axial Poiseuille flow
(Haddadi & Poncet, 2011), as well as the numerical modelling of T-C-P flows (Poncet &
Schiestel, 2007), before finally detailing the Nusselt number correlation for T-C-P flow in
a narrow annular gap derived by Poncet et al. (2014);
Nu = Ta0.145Pr9.3
As is common in more recent T-C-P literature, the work of Fe´not et al. (2011) is
mentioned due to its comprehensive analysis of prior literature. As this same work has
formed the basis of much of the literature used in this thesis, it will not be repeated here.
To highlight the uniqueness of their work compared to the surrounding literature,
Andersen et al. (2015), cast the Taylor and axial Reynolds number ranges utilised in their
experimentation into a plot of the axial Reynolds and Taylor number, alongside those of
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other authors, in particular; Kosterin & Finat’ev (1963), Boufia et al. (1999), Grosgeorge
(1983), Hanagida & Kawasaki (1992), Nijaguna & Mathiprakasam (1982) as well as four
authors already looked at in this thesis; Tachibana & Fukui (1964) and Childs & Turner
(1994).
Figure 4.22: Taylor-Reynolds map used to identify the flow regimes investigated by prior
authors and contextualise the study conducted by Andersen et al. (2015).
4.6.2 Experimental Apparatus
Andersen et al. (2015) utilise an experimental apparatus and Computational Fluid Dy-
namics (CFD) model in their testing. The experimental model consists of small electric
motor, with two hoses for the water input and output, two hoses for the input and output
of coolant oil, and a final hose for the air inlet. A mass flow meter and K-type thermo-
couple measure the flow rate and temperature of the air before it enters the motor. The
shaft speed of the motor is controlled by a variable frequency drive (VFD). A photograph
of the experimental setup is shown in Figure 4.23.
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Figure 4.23: Photograph of experimental apparatus used by Andersen et al. (2015).
The CFD model corresponding to the experimental apparatus was constructed using
STAR CCM+ Version 9.06 CFD Software. Using a polyhedral mesh, the model solves the
Reynolds Averaged Navier-Stokes (RANS) equations (see Appendix D for derivation) by
application of finite volume discretisation using first order differential equations (Andersen
et al., 2015). An image of the mesh is shown in Figure 4.32.




4.6.3 Experimental Results & Data Analysis
Andersen et al. (2015) note the ‘flattening’ effect of the axial flow on the Taylor vortices
along the shaft, previously introduced in section 2.7.5.3. The authors present a tempera-
ture map for the motor using the CFD software (Fig. 4.25). Flow enters from the upper
left and exits at the lower right of the apparatus, with the boundary temperature being
fixed as 1500C and the windage power loss fixed at 200W.
Figure 4.25: CFD mesh for the electric motor used by Andersen et al. (2015) in their
experimentation.
The convective heat transfer coefficient, h, varies from 1400 <h <6600 W/m2.K
across the flow field, while the corresponding Nusselt number varies from 340 <h <1600
W/m2.K. Using the CFD software, Andersen et al. (2015) produce plots of the heat
transfer coefficient and Nusselt number contours along the length of the motor (Figs.
4.26 4.27), a representation not commonly seen in the literature, due to the lack of
appropriate technology in earlier studies.
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Figure 4.26: Convective heat transfer coefficient contours along motor (Andersen et al.,
2015).
Figure 4.27: Nusselt number contours along motor (Andersen et al., 2015).
4.6.4 Heat Transfer Correlation
Andersen et al. (2015) contextualise their work among prior literature using a Taylor-
Reynolds flow map. The authors note that the Taylor number range of their experimen-
tation is closest in magnitude to the work of Childs Turner (1994). This agrees with the
findings of the current work, although the Taylor number range is also similar to that
considered in the work of Jakoby et al. (1999), as Jakoby et al. (1999) is not referenced
in the reporting it is assumed the authors did not consider it. The Nusselt number is
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represented as a function of the Taylor number via the following plot.
Figure 4.28: Plot showing the Nusselt number as a function of the Taylor number (An-
dersen et al., 2015).
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4.7 Summary of Literature
The following table summarises the Nusselt number correlations sourced from the studies
analysed. The range of Taylor and Reynolds numbers at which the correlations where
derived at have been included, so that their applicability to the ASTRI sCO2 Turbine
Cooling System can be determined (see Chapter 6).
Table 4.3: Summary of Nusselt Number correlations and Ta/Re Ranges













380 ≤ Re ≤ 420
71 ≤ Ta ≤ 3400













1.5 ×104 Re 6.5 ×105
4.87 ×109 Ta 8.65 ×109











1.7 ×105 ≤ Re ≤ 13.7× 105
6 107 ≤ Ta ≤ 12× 1010
Jakoby et al. (1999)
NuTCP = cReff
n
Where the determination of c and n is described in section 4.5.4 and t, b au and at are determined from Table 4.2.
1600 ≤ Re ≤ 30000
0 ≤ Ta ≤ 1010
Andersen et al. (2015)
NuTCP = 1.5975Ta
0.3282
Re = 7.589 ×103
Ta = 3.235 ×108
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Chapter 5
The 1D, Axis-Symmetric Heat
Transfer Solver
5.1 Motivation
The properties of a fluid vary significantly around the critical point (Dostal et al., 2004).
This means that small fluctuations in pressure and temperature have significant effects
on the density (ρ) and specific heat capacity (Cp). As the convective heat transfer coef-
ficient, h, is dependent on these properties, we can see that fluctuations in pressure and
temperature affect the heat transfer capability of a supercritical fluid. This is useful in the
design of a sCO2 turbine cooling region, as through selection of temperature and pressure
values, the heat transfer distribution along the shaft can be specified. However, the high
variability of the heat transfer coefficient within the selected values of temperature and
pressure poses a significant modelling challenge.. This is due to the high variability of
the heat transfer coefficient within the selected values of temperature and pressure. This
motivates the use of the 1D, Axis-Symmetric Heat Transfer Solver.
5.2 Acknowledgement
Before commencing with a breakdown of the 1D-Axis Symmetric Heat Transfer Solver it is
necessary to acknowledge that this tool is the intellectual property of Phillip Swann, who
developed it as part of his doctoral work. While the following description of its process
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has been authored solely by the author of this document, the original tool is not his work,
and this should be made clear to the reader. Phillip is thanked for his permission to use
the solver in this project and for his detailed description of its process.
5.3 Process
Fundamentally, the 1D, Axis-Symmetric Heat Transfer Solver is a Python script that
utilizes a series of input values describing the geometry, material and operating parameters
of a sCO2 turbine, and through modelling and calculation, returns a set of parameter
values describing properties of the bulk fluid and the fluid-solid interface.
5.3.1 Modelling
The solver models the shaft of the turbine using values for the length, radius, gap height,
shaft speed, mass flow rate, pressure and inlet temperature, with the region of fluid
between the rotor and the stator being divided into cells (Fig. 5.1). These cells are where
the thermal analysis of the fluid along the shaft is considered.
Figure 5.1: Schematic of shaft showing division of fluid into cells by solver.
5.3.2 Heat transfer components across a fluid cell
Essentially, the model is attempting to solve an energy balance between the shaft and
the fluid, it does this by first calculating the total heat transfer across a unit cell. To
determine this total heat flux across a fluid cell, the model solves an energy balance
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between the shaft and the fluid, where the total heat flux is the sum of the heat generated
by convection (qconv), conduction (qcond) and windage (qgen).
qtotal = qconvection + qconduction + qgenerated
To define how the heat transfer components are calculated, a model describing the
temperatures across the cell must be produced. The following diagram (Fig. 5.2) shows
an individual fluid cell between the shaft and casing, the mass flow of fluid and the three
heat transfer components (qconv, qcond, qgen). The most important parameters are the
temperature values at varying positions around the cell; Ti denotes the temperature of
the initial cell, Ti+1 is the temperature value of the initial cell with the additional energy
it has gained from the heat transfer components, Tsurf is the temperature of the surface
of the shaft, while Tfreestream is the temperature of the free stream flow.
Figure 5.2: Diagram showing the temperatures and heat transfer components across a
single fluid cell.
5.3.2.1 Heat transfer due to convection (qconv)
The heat transfer due to convection is calculated along the fluid-solid interface (see Fig.
5.2) using Newton’s Law of Cooling, where the difference in temperature is that between
the surface temperature (Tsurf ) and the free stream temperature (Tfreestream).
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qconv = hA(Tsurf − Tfreestream)
How the temperature terms presented in the above equation and in Figure 5.2 are
determined by the solver will be looked at in greater depth in the following section. The
derivation of the convective heat transfer coefficient, h, and the area, A, warrant further
discussion. The convective heat transfer coefficient, h, is calculated by rearranging the













number is determined using the heat transfer correlation(s) (presented in Chapter 4) and
the thermal conductivity, k, of CO2 is calculated at each cell using the open source version
of NIST Refrop, CoolProp. Finally, the area, A, over which the convective heat flux is
calculated is defined as; A = pi(RiL), where L is the length of the cell (Fig. 5.3).
Figure 5.3: Diagram showing the area, A, and length, L, over which the convective heat
transfer is calculated by the solver.
5.3.2.2 Heat transfer due to conduction (qcond)




Where, kfluid, is the thermal conductivity of carbon dioxide at each cell and is
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calculated by the solver using CoolProp. The area, A, is the area of the annulus; A =
piR2o − piR2i . While ∆x is the length of the cell. Finally, the temperature difference,
∆T = Ti+1–Ti.
5.3.2.3 Heat transfer due to windage (qgen)
The term, windage, refers to the frictional heating of the fluid due to its viscosity acting on
the shaft. This occurs as the kinetic energy of the rotating shaft is dissipated as heat due
to the viscous effects of the fluid acting on it. A formula for the prediction of the windage
in a rotating machine was investigated by Vrancik (1968), who defined the windage power
loss.




Where Ri is the radius of the shaft, L is the length of the cell, ω is the angular
speed of the shaft, with density (ρ) being calculated via CoolProp. The term Cd is the
skin friction coefficient, defined implicitly through the following relation;
1√
Cd






The solver calculates the Reynolds number over each cell and iterates the above
equations until the solutions converge. The converged result can then be substituted into
the expression for windage.
5.4 Strand7 R©Iteration
By summation, the total heat transfer across a single fluid cell can be obtained. The
total heat transfer inputted across a cell means that the temperature exiting the cell is
higher than that at the entrance of the cell, put more simply, Ti+1 is greater than Ti. To
calculate the three heat flux components for the next cell (e.g. cell 2), the value of Ti+1
for the cell prior (e.g. cell 1) must be known, so that it can be inputted as the value of Ti
for the next cell (e.g. cell 2). This is shown diagrammatically in Figure 5.4, with the node
in yellow representing the final temperature of the first cell and the initial temperature of
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the second cell.
Figure 5.4: Diagram showing the temperature components across each cell.
To calculate Ti+1, the solver uses the rearranged form of the following equation for
the total heat input;







At this point in the solution process, the only known temperature value is that of
the first cell, Ti. To begin the iteration process, a guess is made for the temperature of the
fluid-solid interface, Tsurf . To make this guess, the geometry of the shaft is modelled in
Strand7 R©, with hot and cold boundary conditions assigned to the turbine and bearing ends
of the shaft, respectively. Strand7 R©is then used to solve for the surface temperature of
the shaft between these two boundaries. The temperatures calculated along this interface
are then imported into PythonTM where the energy balance introduced previously is
performed by the solver using the assumption that the fluid temperature of each cell
along the shaft is Ti (Swann et al., 2017).
Using this initial value for the fluid temperature, and the guessed Tsurf values of the
shaft, the solver iterates over the length of the shaft, using the heat input values (qconv,
qcond, qgen) to calculate a new value for the initial temperature (Ti) of each cell. This





Ti, Ti+1, Ti+2, ...Ti+n
]
As well as a new set of convective heat transfer coefficients;
hfluid =
[
hi, hi+1, hi+2, ...hi+n
]
These bulk fluid properties are then applied as a convective boundary condition in
Strand7 R©, where a new set of values for Tsurf are calculated. Using these new values for
the fluid-solid interface, new values for the bulk fluid temperature and convective heat
transfer coefficients are calculated. This process repeats until the iterations converge on
a heat transfer distribution along the shaft (Swann et al., 2017).
5.5 Convergence
When the fluid-solid interface and bulk fluid properties do not differ considerably between
iterations, then the solution is considered to have converged by the solver. To demonstrate
this iterative convergence, the Root-Mean-Squared Error (RMSE) was calculated for cer-
tain quantities in the outputted heat transfer data. As much of the research conducted
throughout this project is dependant on the convective heat transfer coefficient, h, the






Where yˆi is the value predicted by the solver over a single iteration, yi is the final
value predicted by the solver, n is the total number of iterations, and i is the starting
value.
A plot of the RMSE error against iteration number is shown below. It was devel-
oped using the mean value of the convective heat transfer coefficient as predicted by the
correlation determined by Jakoby et al. (1999) at the maximum operating conditions of
the ASTRI sCO2 turbine for a gap height of 0.003m.
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Figure 5.5: Plot of the RMS Error over each iteration of the solver, showing convergence
of the solution to a final value.
As can be seen in the plot above, the value of the RMS Error decreases as the
number of iterations increases, eventually reaching a value of zero at the final iteration.
This means the solution has converged as there is no significant difference between the





In this chapter, data from the application of the literature derived Nusselt number corre-
lations to the Australian Solar Thermal Research Institute (ASTRI) 300 kW Supercritical
Carbon Dioxide (sCO2) Turbine will be presented. This chapter will focus on two key
areas, the first being the range and applicability of the correlations chosen, and the second
being the output of the 1D, Axis-Symmetric Heat Transfer Solver.
6.2 The Taylor-Reynolds Space
To determine the applicability of a given Nusselt number correlation to the ASTRI sCO2
unit, a method similar to that seen in the work of Andersen et al. (2015) will be utilised.
Andersen et al. (2015) utilise a plot of the axial Reynolds and Taylor Number to determine
the Ta-Re range that prior literature relating to Taylor-Couette-Poiseuille (T-C-P) heat
transfer falls into. Through this, identification of a previously unexamined region becomes
the focus of their research.
The current work seeks to modify and extend this idea to determine the applicability
of current T-C-P flow heat transfer correlations to the ASTRI 300kW sCO2 turbine. The
result is the Taylor-Reynolds Space (Fig. 6.1).
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Figure 6.1: The Taylor-Reynolds Space: a visual tool for determining the applicability of
a given Nusselt number correlation to a specified turbine.
It should be noted that while the current work focuses on the application of a
limited set of Nusselt number correlations to a singular turbine cooling system, this tool
can be applied to any Nusselt number correlation or turbine cooling region as long as the
axial Reynolds and Taylor numbers at which they were derived can be determined (See
Appendices A and E).
From the Taylor-Reynolds Space detailing the correlations and turbine of the current
work, several important results can be determined. Firstly, it can be seen that none of
the correlations sourced from literature fall into the Ta-Re range of the ASTRI turbine.
Furthermore, the correlations developed by Tachibana & Fukui (1964) and Kuzay & Scott
(1975), are narrow relative to the Ta-Re range of the other correlations. For Tachibana &
Fukui (1964) it can be seen that the Taylor number was varied over their experimentation,
but that the change in the Reynolds number was less extreme. This is likely due to the fact
that apparatuses A, B and C feature an axial velocity of 4-32 m/s and a shaft speed of 228
rpm. While apparatus D retained a similar axial velocity, the shaft speed was increased
to 2700 rpm, generating this large variation in Taylor number. The opposite was true
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for Kuzay & Scott (1975), whose results show a large variation in Reynolds number, but
only a small variation in Taylor number. Recalling the work of Kuzay & Scott (1975),
we know that the rotation ratio (ζ), between the axial and rotational velocities is used
to quantify the two components of the flow (axial and rotational). The authors chose
to fix the rotational speeds at 1500-2000 rpm and vary the rotation parameter using
the axial velocity. With all other parameters being held constant, this means that the
Taylor number is only minimally altered between 1500-2000 rpm, by comparison, the large
variation in axial velocity produces a far greater range of axial Reynolds number, leading
to the narrow Ta-Re range shown for the correlation in Figure 6.1.
From the representation in the Taylor-Reynolds Space it can be suggested that the
correlation proposed by Tachibana & Fukui (1964) will likely be ill-suited to modelling
the heat transfer distribution in the ASTRI Turbine. This is due to the fact that the
Taylor and Reynolds numbers at which Tachibana & Fukui (1964) performed their exper-
imentation are significantly different to those present in the cooling system of the ASTRI
Turbine. While the correlation put forth by Kuzay & Scott (1975) may produce a reason-
able result due to the close proximity of its Ta-Re Range with that of the ASTRI Turbine,
it is limited by it range of validity. The Taylor-Reynolds Space shows that the ASTRI
Turbine has little variation in its Reynolds number range and a moderate variation in its
Taylor number range. Whereas the correlation produced by Kuzay & Scott (1975) shows
a large variation in Reynolds number, and a small variation in Taylor number, essentially,
the opposite conditions to the ASTRI Turbine. Therefore, while its proximity to the
ASTRI Turbine Ta-Re range may indicate validity at the minimum operating conditions,
the correlation is likely to breakdown as the operating values of the turbine are increased.
This suggestion is supported by reference to the data generated for the correlation pro-
duced by Childs & Turner (1994). The Taylor-Reynolds Space shows an overlap between
the Ta-Re ranges for the correlations produced by Kuzay & Scott (1975) and Childs &
Turner (1994). While the Childs & Turner (1994) correlation is able to effectively model
the cooling zone heat transfer at minimum conditions, it breaks down for the maximum
conditions scenario (Fig. 6.4). As the two feature similar Ta-Re ranges, it is reasonable
to assume that the Kuzay & Scott (1975) correlation would also break down. Therefore,
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while the proximity of the Kuzay and Scott (1975) correlation may indicate suitability,
its narrow range of validity indicates difficulty in using this correlation to model the heat
transfer along the cooling length.
Both these suppositions where confirmed when the correlations where iterated through
the 1D, Axis-Symmetric Heat Transfer Solver. The correlation produced by Tachibana
& Fukui (1964) did not converge at either of the turbine’s operating conditions and in-
stead produced an unreasonable, divergent result. A similar problem also occurred for
the correlation sourced from the work of Kuzay & Scott (1975), with the results showing
divergence at a gap height for 0.002m for minimum conditions and 0.003m for maximum
conditions. This is again, likely due to extreme variation in the values for the Reynolds
and Taylor number between the correlation and the ASTRI Turbine. Due to these cor-
relations demonstrating a lack of applicability to the ASTRI turbine, seen in both the
Taylor-Reynolds space and the heat transfer solver output, they will not be addressed
further.
From the Taylor-Reynolds space, it can be seen that the correlation posited by Childs
& Turner (1994) is a significant distance from the Ta-Re range of the ASTRI turbine.
Given that the correlation produced by Tachibana & Fukui (1964) was excluded from
further analysis for this reason, it may seem an odd choice to include the Childs & Turner
(1994) correlation in the following analysis. There are several reasons for its consideration.
Firstly, the Taylor-Reynolds Space shows that the correlation was developed over a large
range of Reynolds and Taylor number, second only to the range of the correlation produced
by Jakoby et al. (1999). This stands in contrast to the correlations of Tachibana & Fukui
(1964) and Kuzay & Scott (1975), whose respective Ta-Re ranges are both comparatively
narrow. Additionally, the heat transfer correlation derived by Childs & Turner (1994)
is largely dependent on the axial Nusselt number and a ratio of velocities, similarities
it shares with the correlation produced by Kuzay & Scott (1975). For the purposes of
discussion, the Childs & Turner (1994) correlation can be thought of as being similar to
the Kuzay & Scott (1975) correlation, albeit with a larger range of applicability. Testing
of the Childs & Turner (1994) correlation may reveal information about the validity of
the use of velocity ratios in modelling T-C-P flow heat transfer for sCO2 applications.
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With reference to the Taylor-Reynolds Space, it can be seen that the correlation
of Jakoby et al. (1999) has a wide range of applicability. Referring to section 4.5, the
modelling technique used by Jakoby et al. (1999) features a relatively high degree of
complexity, but reduces to the assignment of experimentally determined coefficients (ao,
au, t and b), dependant on flow scenario, this results in a simple expression for the Nusselt
number. This technique is key to the large applicability range of the correlation, as Jakoby
et al. (1999) tested a variety of different channel geometries and shaft speeds, resulting in
a relatively comprehensive range of coefficients. Given the power of this technique, and
the proximity and range of the resultant heat transfer correlation to the ASTRI turbine,
it is worth further investigation.
The correlation developed by Andersen et al. (2015) is also in close proximity to the
Ta-Re range of the ASTRI turbine cooling region. However, the Taylor-Reynolds space
also reveals the limited applicability of this correlation. During their experimentation,
Andersen et al. (2015) did not vary the shaft speed or mass flow, resulting in single values
for the Reynolds and Taylor number. While this indicates a high degree of suitability
for an application operating at this exact mass flow and rotational speed, the resulting
correlation is not widely applicable, unlike the aforementioned Childs & Turner (1994)
and Jakoby et al. (1999) correlations. However, the correlation produced by Andersen et
al. (2015) is dependent on the Taylor number, a rarity, somewhat ironically, throughout
the literature on T-C-P flow heat transfer. As the ASTRI Turbine can be considered
a high Taylor number application, it is worth testing a heat transfer correlation that is
dependent on the Taylor number.
The remainder of this chapter will detail and discuss the results generated via the
application of the Nusselt number correlations developed by Childs & Turner (1994),
Jakoby et al. (1999) and Andersen et al. (2015), to the ASTRI sCO2 Turbine Cooling
Region.
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6.3 Relative Variability in HTC
How does the convective heat transfer coefficient vary over the cooling length?
The goal of this section is to present results detailing the variability of the three
chosen correlations over the cooling length. To do this, the data for the convective heat
transfer coefficient, h, was normalised between the values of the first and final node and
plotted over the nondimensionalised length. This was performed for each of the three
correlations, over the minimum and maximum operating conditions of the turbine. The
final variable, annular gap height, was held constant at 0.003m, to ensure its variation did
not alter the results. The effect on the heat transfer distribution caused by the varying
of the annular gap height is presented in the following chapter. The relative variation in
the heat transfer distribution is shown in Figure 6.2 for minimum conditions, and Figure
6.3 for maximum conditions.




Figure 6.3: Variability of the convective heat transfer coefficient, h, over the cooling length,
for maximum conditions.
At both the minimum and maximum operating conditions of the turbine, and for
each correlations tested, a variation in the convective heat transfer coefficient, h, can
be observed across the cooling length. Noting that the heat transfer coefficient is the
dimensionalised form of the Nusselt number, and that the Nusselt number is dependent
on the Reynolds and Taylor numbers, we can see that values affected by the fluid properties
vary along the cooling length. Extending this idea, the Reynolds and Taylor numbers vary
along the cooling length because of their dependence on density (due to the kinematic
viscosity term, υ), which itself varies with temperature and pressure due to the proximity
of the fluid (sCO2) to the critical point. As the pressure is held constant (at 9.5 MPa for
minimum conditions and 14 MPa for maximum conditions), we know that this variation
is due to the variation in temperature along each cell as the heat transfer components
(detailed in Chapter 5) are added.
Variation in the convective heat transfer coefficient over the cooling length is due
to temperature change. It is somewhat more complex to determine why the heat transfer
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coefficient trends down, or decreases along the cooling length.
To understand this, we must return to the definitions of the fundamental dimen-
sionless parameters, the Nusselt, Reynolds and Taylor numbers. As the temperature of
the cooling fluid increases, its density decreases. This decrease in density, increases the




An increase in the kinematic viscosity, υ, decreases the values of both the axial
Reynolds and Taylor number. It should be noted that this effect is greater in the Taylor
number due to the squaring of the kinematic viscosity term in the denominator. This
decrease in the value of the parameters describing the flow regime causes a decrease in
the Nusselt number and resulting heat transfer coefficient.
Inspection also reveal an obvious difference in the trend of the distribution at dif-
ferent operating conditions. At minimum conditions, the distribution is approximately
concave, but appears convex in the maximum case. This variation is due to the change
in pressure and mass flow rate between the two conditions, as the inlet and outlet tem-
peratures are held constant (1000C and 500C, respectively). The variation in pressure
affects the density of the fluid, which subsequently affects the heat transfer coefficient.
All correlations predict a relatively gradual decline in the heat transfer coefficient at min-
imum conditions. For the maximum case, the heat transfer coefficient decreases rapidly
over the initial 40% of the shaft’s length, indicative of a rapid decrease in density, or in
other words, an increase in cooling fluid temperature along the initial length of the shaft.
From this, we can say that as the pressure is varied between 9.5 and 14 MPa, more heat
is removed earlier in the cooling length. Therefore, the shorter the length of the cooling




6.4 Operational Variability in HTC
How does the convective heat transfer coefficient predicted by a correlation change when
tested at different turbine operating conditions?
In this section, variation in the convective heat transfer coefficient predicted by each
Nusselt number correlation as a result of the different operating conditions of the turbine
will be explored in greater detail.
6.4.1 Childs & Turner (1994)
Using the method outlined in section 6.3, the correlation produced by Childs & Turner
(1994) was plotted for the minimum and maximum operating conditions of the turbine
(Fig. 6.4).
Figure 6.4: Heat transfer coefficient plotted at minimum and maximum conditions using
the correlation produced by Childs & Turner (1994).
At minimum conditions, the correlation produced by Childs & Turner (1994) pre-
dicts a smooth distribution for the values of the convective heat transfer coefficient along
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the length of the shaft. The heat transfer coefficient varies along the shaft length because
of its dependence on density, which is decreased because of increasing temperature. The
distribution takes a convex shape because of the pressure (9.5 MPa) and mass flow (0.001
kg/s), as previously described. At maximum conditions, however, the data becomes er-
ratic at a point approximately 0.3L along the shaft’s length. This is not reflective of a
physical phenomenon, rather, it demonstrates a breakdown of the correlation used due
to ill-suited applicability. The Taylor-Reynolds space (Fig. 6.1) shows a significant dif-
ference between the Reynolds number of the correlation and the ASTRI Turbine. The
Taylor number of the turbine and the correlation also differs, although only at maximum
conditions. This explains the smooth heat transfer profile for the minimum conditions
case, and the erratic result for the maximum conditions case. A further insight that can
be noted from these results, is that for the ASTRI Turbine, the Taylor number is the
dominant dimensionless parameter. This is demonstrated by the ability of the correla-
tion to withstand a significant difference in Reynolds number to produce a reasonable
heat transfer distribution for the minimum conditions case. While it is unable to pro-
duce a reasonable result for a large difference in Taylor number. Therefore, because of a
large difference in the Taylor number range between the ASTRI Turbine and the corre-
lation developed by Childs & Turner (1994), the resulting heat transfer coefficient data




6.4.2 Jakoby et al. (1999)
The correlation produced by Jakoby et al. (1999) demonstrates a smooth heat transfer
distribution at both the minimum and maximum operating conditions of the turbine.
Figure 6.5: Heat transfer coefficient plotted at minimum and maximum conditions using
the correlation produced by Jakoby et al (1999).
The ability of the correlation to produce a reasonable result for the heat transfer
distribution in the cooling zone of the ASTRI Turbine can be explained through reference
to the Taylor-Reynolds Space (Fig. 6.1). The Ta-Re Space shows that the correlation
sourced by Jakoby et al. (1999) was developed at a Reynolds number range that encases
the Reynolds number range of the ASTRI Turbine. Furthermore, the correlation and
the turbine feature a similar Taylor number range, with the correlation being valid for
Taylor numbers, 0 – 1010, while the turbine operates at Taylor numbers, 1.5×1010 -
1.8×1013. This high degree of similarity between the Ta-Re range of the Jakoby et al.
(1999) correlation and the ASTRI Turbine explains the reasonable result produced, and
also demonstrates the efficacy of the Taylor-Reynolds Space as a tool for determining the
applicability of a given correlation to a specified turbine.
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Furthermore, the Taylor-Reynolds Space shows that the correlation developed by
Jakoby et al. (1999) covers a wide range of Taylor and Reynolds number, the largest of any
of the correlations considered herein. Despite this wide range, it still does not embody the
Ta-Re range of the ASTRI turbine. Generally, it is not advisable to extrapolate empirical
correlations beyond their range of validity, as the quality of the result is strongly linked to
the amount of data from which the extrapolation is made. The correlation sourced from
Jakoby et al. (1999) covers a wide Ta-Re range and as such, it is reasonable to expect
that the resulting heat transfer coefficient data is robust.
6.4.3 Andersen et al. (2015)
Similar to the correlation sourced from Jakoby et al. (1999), the correlation developed by
Andersen et al. (2015) demonstrates a smooth heat transfer profile at both the minimum
and maximum conditions of the turbine.
Figure 6.6: Heat transfer coefficient plotted at minimum and maximum conditions using
the correlation produced by Andersen et al. (2015).
Again, this can be explained with reference to the Taylor-Reynolds Space, which
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demonstrates the proximity of the correlation’s Taylor-Reynolds range to that of the
ASTRI turbine. A drawback of this correlation, however, is the limited range of Ta-Re
over which it was developed. As stated prior, Andersen et al. (2015) only generated data
for the correlation at one value of Reynolds and Taylor number. Returning to the question
of extrapolation, it can be posited that a result extrapolated from the work of Andersen
et al. (2015) will not be accurate, due to the single values of Taylor and Reynolds number
over which the correlation was derived. In other words, the result cannot be considered
robust. For this reason, while the correlation developed by Andersen et al. (2015) may
be an accurate representation of the heat transfer in the ASTRI turbine cooling region,
its lack of robustness prevents its continued use.
To conclude, it can be seen that of the three tested, the correlation produced by
Jakoby et al. (1999) produces a reasonable approximation of the heat transfer distribution
in the cooling region of the ASTRI turbine at minimum and maximum conditions. Unlike
the correlation developed by Childs & Turner (1994) the correlation does not break down
at maximum conditions due to a large difference in Taylor number. Nor does it lack
robustness, as seen in the correlation posited by Andersen et al. (2015), due to the large
range of Taylor and Reynolds number over which it was developed.
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6.5 Magnitudinal Variability in HTC
How does the magnitude of the convective heat transfer coefficient vary over the cooling
length and between operating conditions?
The general trends of the heat transfer distributions produced by each correlation
have been analysed, furthermore, discussion and reasoning has been provided as to the
causes of the trends presented. This analysis has primarily focused on the qualitative
trends of the heat transfer coefficient over the cooling length. However, little has been
said about the variation in magnitude of the heat transfer coefficient over the cooling
length. It is the aim of the present section to address this relative variation in magnitude.
Table 6.1: Magnitudinal variation in HTC over the cooling length and between operating
conditions as predicted by the Childs & Turner (1994) correlation.




Maximum h value [W/m2.K] Minimum h value [W/m2.K]
Variation in HTC over
cooling length
Minimum hmax 72274.9 hmin 52423.9 ∆hmin.cond. 19851.0
Maximum hmax 377476.5 hmin 67765.6 ∆hmax.cond. 309710.9
∆hmax 305201.6 ∆hmin 15341.7
Variation in h between operating conditions
Table 6.2: Magnitudinal variation in HTC over the cooling length and between operating
conditions as predicted by the Jakoby et al. (1999) correlation.




Maximum h value [W/m2.K] Minimum h value [W/m2.K]
Variation in HTC over
cooling length
Minimum hmax 3715.2 hmin 3254.6 ∆hmin.cond. 460.6
Maximum hmax 50173.2 hmin 27004.6 ∆hmax.cond. 23168.6
∆hmax 46458.0 ∆hmin 23750.0
Variation in h between operating conditions
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Table 6.3: Magnitudinal variation in HTC over the cooling length and between operating
conditions as predicted by the Andersen et al. (2015) correlation.




Maximum h value [W/m2.K] Minimum h value [W/m2.K]
Variation in HTC over
cooling length
Minimum hmax 48978.3 hmin 42466.2 ∆hmin.cond. 6512.1
Maximum hmax 119371.4 hmin 74427.4 ∆hmax.cond. 44943.9
∆hmax 70393.1 ∆hmin 31961.2
Variation in h between operating conditions
The three tables presented (Table 6.1, 6.2 and 6.3) report the variation in the con-
vective heat transfer coefficient, h, over the cooling length for minimum and maximum
conditions. They also detail the variation in the maximum and minimum heat transfer co-
efficient values between the two operating conditions. Each table represents the variation
for a single literature derived heat transfer correlation.
The magnitude of variation is greater for the maximum conditions case, though this
is because the heat transfer coefficient has a higher value at the maximum conditions. To
compare between minimum and maximum conditions, the variation is normalised through
representation as a percentage of the maximum value of the heat transfer coefficient (Table
6.4).
Table 6.4: Percentage variation in heat transfer coefficient over and between maximum










Childs & Turner (1994) 80.85 22.64 82.05 27.47
Jakoby et al. (1999) 92.60 87.95 56.18 12.40
Andersen et al. (2015) 58.97 42.94 37.65 13.30
The results show that the HTC features a higher degree of variation over the cooling
length at maximum conditions, compared to minimum conditions. This is repeated for all
three of the correlations tested. This finding supports the trends in the plots describing
relative and operational variability. As stated prior, the high pressure of the maximum
conditions scenario (14 MPa) causes a more rapid decrease in the HTC leading to the
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high variability result. The variation in HTC for maximum conditions is particularly
high for the Childs & Turner (1994) case, compared to the other correlations. This is due
to the erratic data caused by the breakdown of the Childs & Turner (1994) correlation at
maximum conditions.
The variation in the maximum values of the HTC between maximum and minimum
conditions is also higher than the variation in the minimum values between conditions.
This means each correlation predicts the initial value of the HTC to be higher at maximum
conditions. Interestingly, the correlation produced by Jakoby et al. (1999) also predicts a
large variation in the minimum value of the heat transfer correlation between conditions.
This means that the Jakoby et al. (1999) correlation predicts a higher minimum value
of the HTC at maximum conditions. These results show that an increase in turbine
operating conditions result in a greater variability of the HTC over the cooling length.
Additionally, the Childs & Turner (1994) and Andersen et al. (2015) correlations show
that the variation in the maximum HTC between operating conditions, is greater than
the variation in the minimum HTC between operating conditions. This is not supported
by the correlation developed by Jakoby et al. (1999), which also shows a large variation
in the minimum value of the HTC at minimum conditions.
6.6 Summary of Results
The results presented throughout this chapter have focused on the variation in the convec-
tive heat transfer coefficient over the cooling length of the turbine. Normalised analysis
showed a variation in the convective HTC over the cooling length due to temperature and
pressure. Varying the operating conditions of the turbine caused the correlation predicted
by Childs & Turner (1994) to break down, while the Jakoby et al. (1999) and Andersen
et al. (2015) correlations predicted smooth heat transfer profiles. Finally, analysis of the
magnitude of the HTC, showed a greater variation over the cooling length at maximum
conditions. While comparison between conditions showed a greater variation in the maxi-
mum HTC, excluding the correlation produced by Jakoby et al. (1999) which also showed





In the design of turbines, it is common practise to design the cooling system as one of the
final components of the system (Downs & Landis, 2009). In other words, cooling systems
are designed for turbines, turbines are not designed around cooling systems. As a result,
the variation of a cooling system’s geometric parameters is limited. Indeed, the focus of
this thesis has been the generation of knowledge on how to design a cooling system for a
new turbine design with limited geometric variability. One of the only variable parameters
is the annular gap height between the shaft (rotor) and the casing (stator). As such, it
is beneficial for a designer to know what effect a certain value of the annular gap height
will have on the heat transfer in the cooling region.
This acts as the motivation for this chapter. In the prior chapter, the plotted
data from the 1D, Axis-Symmetric Heat Transfer Solver showed that the correlation
produced by Jakoby et al. (1999) was close to the Taylor-Reynolds range of the ASTRI
300kW sCO2 Turbine. Additionally, it showed a smooth heat transfer distribution for
both the minimum and maximum operating conditions of the turbine, and a variation in
the convective heat transfer coefficient, h, along the cooling length. The solution can also
be considered robust due to the wide Taylor and Reynolds number ranges that Jakoby et
al. (1999) tested over.
This section will look at the effect of varying gap height on the correlations produced
by Childs & Turner (1994), Jakoby et al. (1999) and Andersen et al. (2015). These corre-
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lations have been chosen because the data outputted from the 1D, Axis-Symmetric Heat
Transfer Solver all showed convergence, while the correlations sourced from Tachibana
& Fukui (1964) and Kuzay & Scott (1975) show divergence due to the variation of their
Taylor-Reynolds numbers from that of the ASTRI sCO2 Turbine. Additionally, the cor-
relations seen in this chapter will all be plotted at only one of the operating conditions
of the turbine (the maximum conditions), this is done to ensure that the only parameter
being varied is the annular gap height.
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7.2 Varying Gap Height
Variation in gap height and its effect on the convective heat transfer coefficient introduces a
further layer of complexity into the analysis of T-C-P flow heat transfer. This is evidenced
by the fact that the distributions generated demonstrate contradictory effects on the
resultant heat transfer distribution, depending on the correlation utilised.
7.2.1 Jakoby et al. (1999)
The correlation developed by Jakoby et al. (1999) was plotted for varying gap heights,
starting at 0.001m and increasing to 0.005m. Results are all plotted at the maximum
conditions of the turbine.
Figure 7.1: Heat transfer distributions for varying gap height as predicted by Jakoby et al.
(1999).
The correlation produced by Jakoby et al. (1999) demonstrates a decrease in the
convective heat transfer coefficient as the annular gap height is increased. This result
seems counter-intuitive, as an increase in annular gap height is equivalent to an increase
in hydraulic diameter, which subsequently increases the Taylor and Reynolds numbers,
resulting in an increased Nusselt number and associated heat transfer coefficient. However,
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referral to the exact relation between the Nusselt number and the convective heat transfer




The above equation shows that the heat transfer coefficient decreases with increasing
hydraulic diameter, however, this result assumes a constant Nusselt number, which is not
the case. As such, given that the hydraulic diameter acts to increase the Nusselt number
and decrease the convective heat transfer coefficient, a possible explanation of the result
is that the effect of the hydraulic diameter on the convective heat transfer coefficient is
stronger, due to its direction effect. Put more simply, an increase in hydraulic diameter
increases the Nusselt number by affecting other dimensionless parameters, the Taylor
number and the Reynolds number, resulting in a ‘diluted’ effect on the final Nusselt
number. By contrast, the above equation shows a direct effect of the hydraulic diameter
on the convective heat transfer coefficient, perhaps explaining the sharper decrease in
heat transfer coefficient, as the annular gap height, and hence, hydraulic diameter of the
channel is increased.
In Chapter 6, it was discovered that the heat transfer coefficient decreased along
the shaft length due to a decrease in density as a result of temperature increase. Chapter
5 demonstrated that the heat transfer components where dependant on the area of the
channel, particularly the heat transfer due to convection. The area and mass flow increase
resulting from an increase in gap height, serves to increase the temperature along the shaft
at a faster rate, resulting in a more rapid decrease in density and subsequent decrease in
heat transfer coefficient.
While it may seem reasonable to attempt to explain the result generated via re-
course to the heat transfer theory it is also important to view the data for what it is, a
mathematical model based on an experimentally described correlation, being applied to
a new application. This viewpoint is further supported by the heat transfer distributions
derived from the other correlations tested. The heat transfer distribution predicted by
Andersen et al. (2015) shows little variation in the convective heat transfer coefficient
with variation in gap height, while the correlation developed by Childs & Turner (1994)
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shows an increase in heat transfer distribution with increasing gap height.
7.2.2 Andersen et al. (2015)
The correlation developed by Andersen et al. (2015) was plotted over five different gap
heights (0.001-0.005m) at the maximum conditions of the turbine.
Figure 7.2: Heat transfer distributions for varying gap height as predicted by Andersen et
al. (2015).
In contrast with the heat transfer distributions predicted by the work of Jakoby et
al. (1999) those produced using the correlation developed by Andersen show minimal
variation in the convective heat transfer as the gap height is varied. The exact reasons
for this trend are not clear, and experimental research into the exact effect of annular
gap height on the heat transfer distribution is highlighted as an area for future research.
Referring to the correlation produced by Andersen et al. (2015) we can see that it is
primarily dependant on the Taylor number.
NuTCP = 1.5975Ta
0.3282
The correlations developed by Jakoby et al. (1999) and Childs & Turner (1994) are
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dependent on varying forms of the Reynolds number (effective and axial). The Reynolds
dependant correlations shown a variation in heat transfer coefficient with varying gap
height, while the Taylor dependant correlation does not. It is therefore reasonable to
posit that an increase in the annular gap height does not have a significant effect on the
Taylor number, but does have a significant effect on the Reynolds number. This result
is counter-intuitive, as an increase in hydraulic diameter affects both the Reynolds and
Taylor numbers, with the affect on the Taylor number being more pronounced because of
the square root term. The increase in annular area also decreases the flow velocity, which
would further reduce the Reynolds term. As a result, the effect of annular gap height on
the heat transfer coefficient cannot be determined and is highlighted as an area for future
research.
7.2.3 Childs & Turner (1994)
The Childs & Turner (1994) correlation was plotted over five increasing gap heights (0.001-
0.005m) at the maximum conditions of the turbine.




The heat transfer distributions developed using the correlation of Childs & Turner
(1994) oppose the trend presented by the Jakoby et al. (1999) correlation, showing an
increase in the convective heat transfer coefficient as the gap height is increased. This
suggests that the increase in hydraulic diameter, responsible for the decrease in heat
transfer coefficient for the Jakoby et al. (1999) correlation, is negated by a sufficiently
high increase in Nusselt number. The Nusselt number correlation developed by Childs
& Turner (1994) is strongly dependant on the Reynolds number. As such, the increase
in Reynolds number due to an increase in hydraulic diameter may be sufficiently high to











While possible, it is again important to remember that the data presented is a
theoretical model based on the application of prior literature to an application it was not
intended. The breakdown of the Childs & Turner (1994) correlation due to a mismatch
in the Reynolds number of the correlation and application has already been discussed in
Chapter 6. The trends seen for a variation in gap height may be further evidence of such
ill-suited applicability of the correlation to modelling the heat transfer in the cooling zone
of the ASTRI Turbine.
7.3 Summary of Results
The exact reasons for the contradictory heat transfer profiles predicted by each of the
correlations are beyond the ability of the current work to predict. Given the importance
of annular gap height to the design of a sCO2 turbine cooling system, and the inability
of current literature to provide a coherent result, the determination of its exact effect on





This chapter will summarise the thesis, reiterate its major findings and outline areas of
potential future research.
8.2 Summary
The central goal of this thesis was to present a design methodology that can be used to
determine the applicability of current heat transfer correlations to the new application of
Supercritical Carbon Dioxide (sCO2) Radial Inflow Turbine Cooling Systems.
The thesis has provided an overview of prior literature relating to supercritical fluids,
Supercritical Carbon Dioxide, sCO2 power cycles, turbines, cooling systems and Taylor-
Couette-Poiseuille (T-C-P) flow. The Queensland Geothermal Energy Centre of Excel-
lence (QGECE) 300 kW sCO2 Turbine unit developed for the Australian Solar Thermal
Research Initiative (ASTRI) has been used as a case study to source cooling system pa-
rameters. These parameters where used to generate values for the Taylor-Reynolds Space
of the turbine.
A literature review of current Nusselt number correlations has also been provided,
highlighting the experimental methods, Ta-Re ranges and historical trends of T-C-P flow
heat transfer literature. The 1D, Axis-Symmetric Heat Transfer Solver has been intro-
duced as a tool for modelling the heat transfer between the fluid and the turbine shaft.
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The efficacy of the solver has been shown through the generation of heat transfer profiles
for the ASTRI Turbine Cooling Zone. Discussion of the generated results has yielded
important conclusions regarding the application of literature derived T-C-P flow heat
transfer correlations to sCO2 applications. Finally. The effect of annular gap height
was investigated to determine its effect on the convective heat transfer, the results where
indeterminate.
8.3 Conclusions
The current work has reached several conclusion regarding the ability of current literature
T-C-P heat transfer correlations to model the heat transfer distribution in a sCO2 turbine
cooling system. This section focuses on these conclusions.
Firstly, of the correlations tested, none had a Ta-Re range applicable to that of the
ASTRI sCO2 Turbine. To the present author’s knowledge, no such correlations yet exist
in the literature. However, the correlation produced by Jakoby et al. (1999) was derived
at a similar Ta-Re range of the ASTRI Turbine. The heat transfer distribution developed
was smooth and provided a good approximation of the heat transfer along the cooling
length. The correlation developed by Childs & Turner (1994) broke down due to a large
difference in the Ta-Re range of the correlation and the turbine. It is hence concluded that
the Taylor and Reynolds numbers a correlation is derived at must closely approximate
those of the desired application in order for the correlation to be valid. Furthermore, the
range of Ta-Re over which a correlation is developed affects the robustness of the resultant
correlation. The correlation produced by Andersen et al. (2015) cannot be considered
robust due to the limited data it was generated from. Finally, no conclusive statement
regarding the effect of variation in annular gap height on the convective heat transfer can
be offered, as each correlation produced significantly different and contradictory results.
8.4 Avenues for Future Research
From the conclusions drawn, numerous areas for future potential research become appar-
ent. Firstly, experimental investigation and data analysis over the Taylor and Reynolds
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number range of the ASTRI Turbine is required. Extending this idea, it is recommended
that future authors seek to develop correlations describing very high Taylor number,
moderate Reynolds number scenarios (far left on the Taylor Reynolds Space), due to the
current lack of heat transfer correlations describing this Ta-Re zone, and importance of
this area to sCO2 turbine cooling applications. It is also recommended that future authors
perform experimentation over a wide number of flow and heating conditions to ensure the
robustness of the correlation produced. A robust correlation has a greater potential for
extrapolation, and would aid those seeking to design a sCO2 turbine. A greater abun-
dance of correlations covering a large area of applicability also improves the efficacy of
the methodology introduced in this thesis. Finally, experimental research focusing on the
variation in annular gap height and its effect on heat transfer along the cooling length
would improve understanding of the effect of geometric variation on heat transfer in sCO2
flows.
8.5 Closing Remarks
Ultimately, Supercritical Carbon Dioxide (sCO2) has the potential to increase the effi-
ciency of power cycles across the world. This thesis has focused on a minute, but impor-
tant, aspect relating to the prediction of effective cooling of a sCO2 turbine using prior
knowledge. There are still many challenges left to overcome if this technology is to take
its place at the forefront of power generation.
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Range for ASTRI Turbine Cooling
System
The following lays out the calculations for the Taylor-Reynolds range of the ASTRI Tur-
bine cooling system based on the parameters presented in Chapter 3, Table 3.1.
Velocity:






































Maximum & Minimum Velocities:
Vmin =
0.001kg/s
176.1703kg/m3 × (53.4× 10−6m2) = 0.1063m/s
Vmax =
0.01kg/s



















1.2159× 10−7 = 1748.5
Remax =
0.0384× 0.01










5235.982 × 0.008× (0.002/2)3
(1.2159× 10−7)2 = 1.4835× 10
10
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Tamax =
5235.982 × 0.025× (0.01/2)3




Tachibana & Fukui (1964) -
Experimental Apparatus
The following provides an overview of the experimental apparatus used by Tachibana &
Fukui (1964) throughout their experimentation.
B.1 Apparatus A - Inner and Outer Cylinders Sta-
tionary
Apparatus A features both stationary inner and outer cylinders. The apparatus consists
of an inner cylinder of 38mm diameter and two outer steel cylinders (for testing different
annular gap heights) each of 60.7mm diameter and 80.7mm diameter. The inner cylinder is
divided into six sections, with a heater installed in each, with each section being separated
by a Bakelite ring to prevent the axial transfer of heat. Copper constantan thermocouples
where used to measure the surface temperatures at three points (the centre and two sides)
on the fourth and fifth sections of the inner cylinder. Then flow velocity was varied from
4-32m/s using a blower, controlled by an orifice (Tachibana & Fukui, 1964).
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B.2 Apparatus B - Rotating, Heated Inner Cylinder
with Cooled Outer Cylinder
Apparatus B features a rotating inner cylinder of diameter 120mm and length 45mm. In
addition to the test section, two compensation sections of the same diameter are mounted
to either side of the test section. The upstream compensation cylinder is 190mm long
and the downstream cylinder is 45mm long, both compensation sections utilise a heater
constructed from insulated nichrome wire (see Fig. B.1).
Figure B.1: Schematic of experimental apparatus B used by Tachibana & Fukui (1964).
Various outer cylinder geometries where used to test the effect of different annular
gap heights, the outer diameters used where 128mm, 136mm, 144mm and 160mm. The
outer cylinder is cooled by water. The temperature along the surface of the inner cylinder
is measured using a thermistor (a device whose electrical resistance changes with temper-
ature). While the temperature difference between the test and compensation section, and
that of the stationary outer cylinder were measured using thermocouples. Additionally,
thermocouples are also used to measure the temperature of the air at the inlet and outlet
(Tachibana & Fukui, 1964).
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B.3 Apparatus C - Cooled Inner Cylinder, Heat Outer
Cylinder
Apparatus C D both feature a stationary, heated outer cylinder and a rotating, cooled
inner cylinder. They difference between the two setups lies in the outer cylinder; C
features a divided outer cylinder, while D features a non-divided one. Compared to the
previous apparatus that have been detailed, apparatus C features a more complex setup.
The outer cylinder consists of six connected sections, adding to a length of 50mm, with
an inner diameter of 136mm. Thermocouples are mounted on the surface of the outer
cylinder and it is well insulated from heat. The inner cylinder has a hollow centre to allow
for a stream of cooling water and an outer diameter of 120mm.
B.4 Apparatus D - Rotating Inner Cylinder, Heated
Outer Cylinder
Like apparatus C, apparatus D features a heated outed cylinder and cooled inner cylinder,
however, the angular velocity of the inner rotating shaft is increased. As a result, water
and methanol are used as working fluids, unlike the three tests where air was used. Finally,
although the heating conditions are the same as utilised in apparatus C, the outer cylinder
used in D is a comprised of a complete section, and not six divided sub-sections.
Figure B.2: Schematic of experimental apparatus D used by Tachibana & Fukui (1964).
The diameter and length of the outer cylinder are 136mm and 250mm, respectively.
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The outer diameter of the inner cylinder is 30mm. It should be noted here that the
annular gap height tested in this setup is large relative to the other tests (106mm), the
combination of this with the high angular speed tested, 228-2700rpm, indicates flow with
a high Taylor number. Finally, the surface temperature of the outer casing is measured
using seven thermocouples, six mounted to the surface of the outer cylinder, with the final
thermocouple being mounted on the surface of the inner cylinder (See Fig. B.2).
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Jakoby et al. (1999) - Laser Doppler
Anemometry
Laser Doppler Anemometry (LDA) is a non-intrusive technique used for measuring the
velocity of a fluid flow. The method involves the use of a laser, the beam of which is
refracted off particles seeded into the fluid flow. Such particles cause a Doppler shift,





A diagram a basic LDA setup is shown in Figure D.1.
Figure C.1: Diagram of basic LDA setup (Dantec Dynamics, 2019).
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Andersen et al. (2015) - Reynolds
Averaged Navier Stokes (RANS)
Equations
The following details the derivation of the Reynolds Averaged Navier Stokes (RANS)



















































Taylor-Reynolds Ranges of Nusselt
Number Correlations
The following table details the range of the Reynolds and Taylor numbers used by the
authors of the studies presented within, as well as their sources.
Table E.1: Axial Reynolds and Taylor number ranges for studies considered.
Correlation Rea Range Ta Range Source
Tachibana
& Fukui (1964)
380-4200 71-3400 Fe´not et al. (2011)
Kuzay
& Scott (1975)
1.5×104 – 6.5×105 4.87×109 – 8.65×109 Fe´not et al. (2011)
Childs
& Turner (1994)
1.7×105 – 13.7×105 6×107 – 12×1010 Fe´not et al. (2011)
Jakoby
et al. (1999)
1600 – 30 000 0 – 10
10
Jakoby et al. (1999)
Andersen
et al. (2015)
7.589×103 3.235×108 Andersen et al. (2015)
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Childs & Turner (1994) - Plots with
Additional Data Point
At maximum conditions, the outputted data for the correlation predicted by Childs &
Turner (1994) featured an excessively high value for the convective heat transfer coefficient
approximately 0.4L along the shaft’s length. For clarity of presentation, this point was
excluded from the plots presented in the body of this work. For completeness, they are
included here.
Figure F.1: Heat transfer coefficient plotted at minimum and maximum conditions using
the correlation produced by Andersen et al. (2015).
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Figure F.2: Heat transfer coefficient plotted at minimum and maximum conditions using
the correlation produced by Andersen et al. (2015).
Figure F.3: Heat transfer coefficient plotted at minimum and maximum conditions using
the correlation produced by Andersen et al. (2015).
119
